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(54) Superconducting bearing device and method of producing the same 



(57) A superconducting bearing device comprising 
a superconductor (1 ) mounted on a stationary member 
(A) and a magnet section (2) to be mounted on a rotating 
member(B), the superconductor and the magnet section 
being disposed to oppose each other with a gap there- 
between. Also disclosed is a method for producing the 
magnet section thereof, wherein the magnet section 
consists of a plurality of annular permanent magnets (3) 
which are concentric with the axis of the rotating mem- 
ber and also include at least one soft magnetic yoke (4) 
disposed between these annular permanent magnets. 
Each annular magnet, in turn, may be comprised of a 
plurality of arcuate magnet portions whose joint surfac- 
es may be concentrically or axially staggered to dis- 
perse nonuniform flux densities observed at their junc- 
tion surfaces. The joint surfaces between the annular 
and magnets and the interposing rings may be curved 
or slanted to reduce axial displacement when the mag- 
net section is rotated. Also, the yoke members may pro- 
trude towards the superconductor relative to the perma- 
nent magnets comprising the magnet section, and these 
yokes may be optimally shaped to concentrate and di- 
rect magnetic flux to the opposing superconductor in 
conjunction with curled magnetization of the permanent 
magnets. Finally, one or more restraining members (6) 
or wedge portions may be fitted to the magnet section 
to radially and circumferentially compress the perma- 
nent magnets sections and prevent their displacement 
and breakage at high rotational speeds. 
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Description 

The present invention relates to a superconducting 
bearing device and method of producing the same. This 
invention relates generally to tandem superconducting/ 
magnetic bearing structures, and is particularly con- 
cerned with improvements related to the rotating mag- 
netic plates used to repel, support, and permit almost 
friction-free rotation in a bearing load against opposing 
superconductors. 

Recently, various superconducting magnetic bear- 
ing devices having a high efficiency and high-speed op- 
erability have been developed, which have a magnetic 
repulsive circuit formed by opposing plates of perma- 
nent magnets and superconductors separated by one 
or more spaces. These devices leverage the clearance 
holding power for the magnetic circuit in a supercon- 
ducting state to permit nearly friction-free movement in 
a manner parallel to the opposing magnet -supercon- 
ductor plates. 

For example, such superconducting magnetic de- 
vices, used for bearing applications, have been dis- 
closed in Japanese Laid-Open Patent Application 
Hei4-191520. These superconducting bearing devices 
are generally configured to include a vertical rotor shaft 
having an annular permanent magnet fixed concentri- 
cally thereto. This magnet includes upper and lower sur- 
faces along the axial direction of the rotor magnetized 
into opposite polarities, one of which rests above or be- 
low an opposing annular superconductor member with 
a given space therebetween in the direction of the axis 
of rotation. A similar known superconducting bearing 
device has an annular superconductor member and an 
annular permanent magnet mutually opposed and posi- 
tioned to provide a space in a radial direction to improve 
rigidity radially outwardly, and still another known super- 
conducting bearing device includes a plurality of perma- 
nent magnets of the same diameter arranged axially to 
the rotor, so that adjacent annular permanent magnets 
are magnetized in opposite directions. 

Moreover, it is well-known (See e.g., Japanese 
Laid-open Patent Application No. Hei5-1 80255), that 
such superconducting devices would be used in large- 
scale bearing applications. However, simply increasing 
the size or diameter of the unitary magnet section to in- 
crease the frictionless bearing surface area is not com- 
mercially feasible because it is not easy to produce a 
single-body magnet having a large diameter using 
known magnet construction techniques. Accordingly, 
the annular permanent magnet described above is com- 
posed of many smaller commercially realizable mag- 
nets in which adjacent annular permanent magnets are 
magnetized in opposite polarities. The resulting mag- 
netic fluxes generated from these smaller magnets are 
mutually repulsed so as to be intensely concentrated, a 
magnetic field strength from the magnet section to the 
superconductor is improved, along with the magnetic 
levitating force and structural rigidity of the bearing over 



a unitary magnet structure. 

Moreover, it has been disclosed in Japanese Laid 
Open Patent Application No. Hei6-81845, that magnetic 
field strength can be improved in a composite annular 

5 magnet structure by introducing a soft magnetic yoke 
disposed between concentric annular permanent mag- 
nets. The soft magnetic yoke intensely concentrates the 
magnetic flux directed from each magnet and directs it 
to the opposing superconductor. Moreover, when con- 

io structing a multilayered ring-shaped magnet section by 
alternating annular permanent magnets and soft mag- 
netic yokes arranged in a concentric manner, bearing 
strength and rigidity approaching a theoretical unitary 
magnet of similar size can be obtained by reducing the 

15 inner diameter of each soft magnetic yoke to where it is 
slightly smaller than the outer diameter of the preceding 
magnet and force fitting the yoke to the magnet's outer 
periphery. 

For such superconducting bearing devices, a Pr- 

20 Fe-B-Cu-based permanent magnet produced by a hot 
processing method or an Nd-Fe-B-based sintered mag- 
net is generally used. And, such magnets are known to 
have a relatively high compression strength and a low 
tensile strength. Specifically the former has a tensile 

25 strength of up to 24 Kg/mm2, and the latter has a tensile 
strength of up to 8 Kg/mm2. Accordingly, when the yoke 
is forced to be fitted to the outside of the magnet as dis- 
cussed hereinabove, the magnet or yoke may be dam- 
aged unexpectedly. Particularly, when the bearing de- 

30 vice is made large to increase its mounting force, the 
magnet section tends to have its outer radius increased, 
and due to the increase in diameter, a stress is locally 
concentrated on each part. Therefore, it is particularly 
necessary to prevent the members from being degraded 

35 in quality and damaged. Moreover, since the rotor or 
shaft is spun at a high speed when the bearing device 
is operated, it is desired that each member has dimen- 
sions as designed so that rotation can be made in a good 
balance. However, it is not easy to control the production 

40 of such members and has a disadvantage of involving 
an increase in cost. Furthermore, even when the mem- 
bers are produced as expected, a desired operating per- 
formance may not be attained unless the assembling is 
made with sufficient precision. 

45 And, since the magnet section is configured by al- 
ternately disposing the annular magnets and the yokes 
in the multilayered structure, each magnet and each 
yoke are connected by a tightening force which is ap- 
plied to the joint faces from the adjacent members. And, 

50 since this tightening force is mainly supplied by the yoke 
positioned radially outwardly from the inner annular 
magnet, an insufficient tightening force may cause an 
undesirable partial loss of components. Specifically, 
when the magnet section is mounted on the rotating 

55 member, since centrifugal force owing to the rotation is 
proportional to a radius and to the square of the rotating 
speed, centrifugal force is increased from the inner to 
outer peripheries of the rotating magnet component. 
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Particularly, when the bearing device is enlarged to in- 
crease its mounting force, the magnet component will 
be 1 made 1 commensurately larger and its radius in- 
creased. When rotated at a constant rate, rapidly in- 
creasing centrifugal force is applied to the alternating s 
rings of magnets and yokes as measured from the cen- 
tral rotor to the outer periphery. Therefore, the yoke itself 
is pulled in a direction to enlarge its inner diameter, and 
a tightening force tends to be decreased, thereby low- 
ering structural rigidity to the point where the magnetic 
rings can shift position and disrupt the precise gap main- 
tained between them and the opposing superconductor 
Such magnetic ring movement can be curtailed by using 
other materials to strengthen and supplement the retain- 
ing strength of the interposing yoke members, but doing 
so reduces the magnetic field transfer properties of the 
yoke : and may even produce undesirable magnetically 
"dead" spots within the magnet member. 

Alternatively, constructing a single-body annular 
magnet may be feasible in small-scale bearing device 
applications, but in the case of a large bearing device, 
difficulties in production and creating adequate field 
magnification using known fabrication techniques are 
increased beyond their practical utilization in all but the 
most cost insulative requirements. Specifically, to con- 
figure a large bearing device, it is necessary to produce 
a single-body annular permanent magnet having a large 
diameter. Generally known powerful magnets having a 
high energy product include a rare earth magnet, and 
an Nd-Fe-B magnet is known as the most powerful rare 
earth magnet. But, since this magnet is produced by a 
sintering method, a large molding machine and a high 
pressure are required as its size is increased. Therefore, 
commercial production of a single-body annular perma- 
nent magnet is currently limited up toa diameter of about 
100 mm. 

Also, since a Pr magnet (Pr-Fe-B-Cu) is produced 
by a hot rolling method, an annular permanent magnet 
having a diameter of 100 mm or more can be formed 
into one body. But, when an annular permanent magnet 
having a large diameter is produced, it cannot be easily 
mounted on a prescribed position because of its inher- 
ently high magnetic power and unwieldy form. Further, 
to mount an annular permanent magnet having a large 
diameter employing a circumferential yoke member, 
magnetic performance per unit area is deteriorated due 
to an internal break of the magnet caused by the me- 
chanical energy generated when magnetized, and the 
yoke may be broken, making it highly susceptible to ro- 
tational displacement and failure 

In view of the above, it has been proposed in the art 
to connect a plurality of fan-shaped magnet pieces cir- 
cumferentially to form a single-body annular permanent 
magnet. But, such an annular permanent magnet exhib- 
its non uniformities in magnetic flux due to inherent flux 
density variations among each magnet piece. The uni- 
formity in magnetic field in the rotating direction is dete- 
riorated at the junctions between the magnet pieces to 



produce the nonuniformity in magnetic flux. When these 
junctions are aligned, the nonuniformity in magnetic flux 
cumulates, thereby causing an increase in the rotating 
energy loss of the bearing device. Even when the annu- 
lar permanent magnet is actually coalesced into one 
body, the nonuniformity in magnetic flux may still be 
present due to imperfections introduced by known pro- 
duction techniques. In either case, it is known that the 
nonuniformity in magnetic flux will increase proportional 
to the diameter of the permanent magnet. 

Further, since a superconducting bearing device 
may easily leverage the pinning effect of the permanent 
magnet and the superconductor to produce a high load- 
ing force, a frequent application of such devices is to 
rotate a heavy member such as a flywheel at high rota- 
tional velocity. Thus, superconducting bearing devices 
are considered useful in electric power storage applica- 
tions in which electric power is stored as the motion en- 
ergy of the flywheel. Accordingly, the ideal power stor- 
age superconducting bearing device is required to have 
a mechanical strength resistant to high-speed rotational 
degradation and which minimizes rotational loss, yet 
provide a sufficient loading force (levitating force) to 
support a heavy power storage member. 

When rotating, a force applied to the magnet is pro- 
portional to a radius and to the square of a rotating 
speed, so that when the rotating section includes a ring 
or annular magnet, it is necessary to improve the me- 
chanical strength of the magnet to improve the rotating 
strength. But, simple improvement of internal material 
strength is not sufficient to impart adequate structural 
rigidity, and so it becomes necessary to includes exter- 
nal reinforcing members. Specifically, since the rotation 
of a rotor at a high speed applies high centrifugal force 
to the magnet, an iron member is conventionally used 
to make a frame for housing the magnet to provide a 
reinforcing structure to protect the magnet from centrif- 
ugal force when rotating. 

However, even when such a reinforcing structure is 
disposed, this reinforcing member is exposed to the 
centrifugal force when rotating and pulled in the centrif- 
ugal direction. Thus, when rotating at a particularly high 
speed, even this type of reinforcing member may not be 
able to sufficiently protect the magnet from being broken 
due to centrifugal force. 

As described above, when the magnet for the su- 
perconducting bearing device includes a Pr-Fe-B-Cu- 
based permanent magnet produced by a hot processing 
method, its tensile strength is limited up to 24 Kg/mm2, 
and when it is an Nd-Fe-B-based sintered magnet, its 
tensile strength is limited up to 8 Kg/mm2. Therefore, 
even when the aforementioned reinforcing member is 
included, the magnet component may still be exposed 
to rotational stress exceeding these tensile strengths in 
large-scale applications, resulting in potential magnetic 
breakup and destruction of the bearing power storage 
device. 

By contrast, to increase loading force and ultimate- 
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ly, storage capacity of the bearing apparatus to desira- 
ble levels, it is necessary to increase the magnetic field 
sTVength of the magnet through increasing the size of 
the opposed areas of the superconductor and the per- 
manent magnet. To secure such areas, it is necessary s 
to increase the outer diameter of the magnet section. 
Therefore, it has become quite difficult to balance the 
competing design criteria required to build a sturdy, but 
powerful permanent magnet suitable for power storage 
operations. 10 

It is, therefore, an object of the present invention, to 
provide a superconducting bearing device and associ- 
ated manufacturing method which can facilitate the as- 
sembling of a composite magnet whose structure is re- 
sistant to displacement of annular permanent magnet is 
and yoke sections at high rotational speeds. 

It is also an object of the present invention to provide 
a superconducting bearing device and manufacturing 
method therefor which features a modular magnetic 
section capable of easy upsizing for increasing the mag- 20 
netic field strength and load capacity, yet decrease the 
non uniformity in magnetic flux caused by composite 
magnet designs. 

It is yet a further object of the present invention to 
provide a power storage superconducting bearing de- 25 
vice and manufacturing method therefor in which the 
mechanical strength of a magnet rotated at a high speed 
can be improved even when the external size of an an- 
nular permanent magnet is increased and high loading 
force is experienced. 30 

In accordance with these and related objects, the 
present invention relates to a superconducting bearing 
device which comprises a superconductor mounted on 
a stationary member and a plate-like magnet compo- 
nent mountable on a rotating member wherein the su- 35 
perconductor and the magnet component oppose each 
other at a precise gap when the superconducting mem- 
ber is in a superconductive electromagnetic state. At a 
minimum, this plate or disk magnet section comprises 
a plurality of smaller, commercially replicable annular 40 
permanent magnets arranged concentrically with re- 
spect to a central rotational axis. 

More specifically, according to the first preferred 
embodiment of the present invention, the magnet sec- 
tion comprises at least one soft magnetic yoke interpos- 45 
ing a plurality of concentrically-arranged annular perma- 
nent magnets. Each yoke, along with the corresponding 
permanent magnet surfaces are either curved or slanted 
with respect to the central axis of rotation in a manner 
to minimize relative displacement which would impact so 
the precisely-maintained magnet section - supercon- 
ductor gap during high speed rotation (exceeding 
1 0,000 RPM), as well as lend overall rigidity to the mag- 
net section itself. For example, in a vertical supercon- 
ductive bearing application, a rotating magnet section 55 
may take the general form of a circular plate hovering 
above an activated superconductor In this case, the 
magnet section will preferably include concentric rings 



of permanent magnets spaced-apart by one or more in- 
terposing soft magnetic yoke rings to form a composite 
magnetic "plate". 

According to the first preferred embodiment, a 
cross-section of this magnetic plate example would re- 
veal that the contact surfaces between each permanent 
magnet and its respective adjacent soft magnetic yoke 
(s) is curved or slanted with respect to the plate's vertical 
axis of rotation. More specifically, the in the case of 
curved contact surfaces, the outer radial joint surface of 
each permanent magnet may be curved convex to the 
vertical rotational axis to engage the corresponding con- 
cave radial joint surface of its circumferentially larger ad- 
jacent yoke. Conversely, the inner radial joint surface of 
each permanent magnet may be curved concave rela- 
tive to the plate's vertical rotational axis to receive the 
corresponding convex radial joint surface of its circum- 
ferentially smaller adjacent yoke. In so doing, the alter- 
nating magnet and yoke rings comprising the magnetic 
plate section interlock with concave surfaces securing 
corresponding concave sections to prevent vertical dis- 
placement thereof. 

According to the first preferred embodiment, to form 
a magnetic section where the joint surfaces between 
magnet and yoke rings are curved or bowed, the follow- 
ing manufacturing procedure is followed. Specifically, 
an external force is applied to an annular yoke to elas- 
tically deform it in the shape of an oval, an inner magnet 
is fitted in the major axis part of the oval -shaped yoke, 
and an outer magnet is fitted to the outside of the minor 
axis part. And, the applied external force is removed to 
return the yoke to have its normal shape, with the major 
and minor axes of the yoke in the oval shape as the cent- 
er of rotation, the corresponding inner and outer mem- 
bers are rotated to meet the yoke end faces with the end 
faces of respective members on the same level to com- 
plete assembling. In this case, since the yokes are al- 
ways intermediated, a pressing force and a tensile force 
which are applied to the magnets when assembling are 
reduced by elastically deforming the yokes, so that any 
unexpected damage to the magnets can be prevented. 
Further, with the three completely assembled annular 
members handled as if a single magnet assembly, this 
procedure may be repeated to internally and externally 
add additional magnets to this base magnet-yoke, 
thereby permitting assemblage of a desired number of 
sets of yokes and magnets on the inner and outer sides 
of the original yoke assembly as required. Also, each 
magnet and yoke member may be disassembled only 
by following the above procedure in reverse, namely by 
rotating with a given axis as the center. Thus, each yoke 
or magnet member can be prevented from being inad- 
vertently displaced in the axial direction when rotating. 

Alternatively, according to the first preferred em- 
bodiment, the respective joint surfaces may be slanted 
oblique to central axis of rotation. In the case of the ver- 
tical superconducting bearing example discussed here- 
inabove, these surfaces will preferably be slanted radi- 
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ally inwardly relative to the central rotational axis and 
along the magnet-yoke insertion direction. This arrange- 
ment permits, when the press-fitting degree of the yoke 
in the axial (vertical) direction is adjusted during assem- 
bly, the required force for tightening the magnet on the 
inner peripheral side by an occluding yoke in a radial 
direction can be adjusted optimally. Specifically, this 
slanted magnet-and-yoke multiple ring structure can op- 
timally adjust the stress condition of each joint face dur- 
ing assembly. Therefore, since the deviation in external 
dimensional precision of the annular permanent mag- 
nets and the soft magnetic yokes can be accommodated 
by adjusting the tightening allowance by means of the 
soft magnetic yoke, the allowable dimensional errors of 
the annular permanent magnets and soft magnetic 
yokes are increased, facilitating production control and 
reducing production cost. 

Moreover, when the insertion side of the magnetic 
segment forms the bearing surface and the alternating 
magnet-yoke rings are inserted in a radial outward man- 
ner, as in the case of the first preferred embodiment, 
previously inserted magnet and yoke rings are retained 
by it immediate adjacent neighbor to prevent further 
movement in the insertion direction. And, the bearing 
weight, when applied to the magnetic section, prevents 
the assembled rings from 'backing out" to secure them 
from axial displacement during rotation and thereby pre- 
vent disruption of the precise superconductive gap with- 
out external bracing. 

Further, according to the second preferred embod- 
iment, the magnet section may alternatively or addition- 
ally include a peripheral reinforcement member to com- 
press-fit the alternating concentric yoke and permanent 
magnet annular members and improve rigidity and im- 
plement precise superconductive gap separation be- 
tween the permanent magnet members and the super- 
conductor at high rotational speeds. Also, the yoke 
member(s) may actually be lengthened to extend be- 
yond the superconductor opposing surface of the mag- 
net section, with their extending portions optimally 
shaped to further concentrate the generated magnetic 
fields and improve loading or bearing force, while low- 
ering detrimental effects of nonuniform magnetic flux 
densities. Further still, the yoke member may be wedge 
shaped with the broad face opposing the superconduc- 
tor to further concentrate the magnetic field generated 
by the magnet section to improve bearing force at high 
rotational speeds. 

Also, according to the second preferred embodi- 
ment, the annular permanent magnet section them- 
selves may be magnetized according to a specific shape 
or direction (e.g. curved or radial) to project the compos- 
ite center of magnetism away from the superconductor 
so to maximize bearing force further still. 

Further, according to the second preferred embod- 
iment, the annular permanent magnets of the magnet 
section may themselves be composed of easily manu- 
facturable arcuate magnet portions connected together 



to form larger, ring-shaped permanent magnets concen- 
trically arranged in the magnet section. In this case, the 
junctions between the individual arcuate magnet por- 
tions are staggered in the radial and axial directions so 
s as to eliminate or reduce the chance of adjacent magnet 
junction„alignment and dissipate nonuniform magnetic 
field loss when the magnet section is rotated. 

Therefore, according to the second preferred em- 
bodiment of the present invention, the magnetic fluxes 
io from the north poles of the neighboring annular perma- 
nent magnets can pass through the annular soft mag- 
netic yokes and return to the south poles of the respec- 
tive annular permanent magnets. The magnetic fluxes 
from the respective annular permanent magnets are 

is narrowed down and concentrated by the annular soft 
magnetic yokes, so that a magnetic flux density acting 
on the superconductor can be increased substantially. 
Besides, a ring-shaped reinforcing member mounted on 
the outer periphery of the annular permanent magnet 

20 can prevent a tensile break in the annular permanent 
magnets due to centrifugal force. 

Also, according to the second preferred embodi- 
ment of the invention, the annular permanent magnets 
are process magnetized to curve so that the middle be- 

2S tween north and south poles of the magnets is away 
from the superconductor, or the annular permanent 
magnets are formed by a plurality of magnets which are 
slantingly magnetized along the curved direction, so that 
among a total quantity of magnetic fluxes generated 

30 from the respective annular permanent magnets, the 
quantity directed to the superconductor can be in- 
creased. 

Also, a single-body magnet section may formed ac- 
cording to the second preferred embodiment by con- 

35 necting a plurality of annular permanent magnets in the 
axial direction or by connecting a plurality of annular per- 
manent magnets having a different diameter, each an- 
nular permanent magnet is formed by connecting arcu- 
ate magnet portions divided in the radial direction, and 

40 the respective annular permanent magnets connected 
as displaced by a certain degree in the circumferential 
direction, so that the junctions between the magnet piec- 
es forming the each annular permanent magnet are not 
aligned with those of the neighboring magnet pieces. 

45 This enables thereby enabling to reduce an adverse ef- 
fect of the nonuniformity in magnetic flux due to the junc- 
tions of the above connecting structure. 

Further still, according to the third preferred embod- 
iment of the present invention, the aforementioned ring- 

so shaped reinforcing member may be used for tightening 
the annular permanent magnets in the radial and cir- 
cumferential directions and is mounted on the outer pe- 
riphery of the annular permanent magnets. Preferably, 
the reinforcing member is made of a material having a 

55 smaller specific gravity and a higher tensile break 
strength than the annular permanent magnets, and the 
compressive forces by the reinforcing member in the ra- 
dial and circumferential directions of the annular perma- 
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nent magnets are smaller than the compressive break 
stress of the magnets when the magnet section is not 
rotating, 

According to the third preferred embodiment, an 
ideal reinforcing member material is carbon fiber rein- 
forced plastic (CFRP), and can be wound around the 
annular permanent magnets while compressing them to 
form a ring-shaped reinforcing member on the outer pe- 
riphery of the magnet section. More particularly, the con- 
centric permanent magnet (and potential yoke mem- 
bers) may pressure fitted as described hereinabove to 
form the operable part of the magnet section of the bear- 
ing apparatus. 

The third embodiment (5 of the third embodiment) 
of the invention relates to a method for producing a su- 
perconducting bearing device which comprises a super- 
conductor to be mounted on a stationary member and 
a magnet section to be mounted on a rotating member, 
the superconductor and the magnet section being dis- 
posed to oppose each other with a gap therebetween, 
wherein a ring-shaped reinforcing member made of car- 
bon fiber reinforced plastic (CFRP) is disposed on the 
outer periphery of the annular permanent magnets. The 
compressive force applied to the annular permanent 
magnets by the reinforcing member should be smaller 
than the compressive break stress of the magnets when 
the rotating member is not rotating. Also, the tensile 
break stress, which breaks the magnets when the rein- 
forcing member is not disposed when the rotating mem- 
ber is rotating, is previously determined, and the specific 
gravity and tensile break strength of the reinforcing 
member are selected so that a centrifugal tensile force 
smaller than the tensile break stress is applied to the 
magnets by virtue of the presence of the reinforcing 
member. Since the reinforcing member is spun in fiber 
form onto the magnet section, it is easy to control such 
factors. Accordingly, the mechanical strength of the 
magnets against the rotation at a high speed can be im- 
proved even when the annular permanent magnet is giv- 
en a large outer shape. As a result, a superconducting 
bearing device having a high loading force can be ob- 
tained. 

Further still, according to the fourth embodiment of 
the present invention, a reinforced magnet section may 
additionally include a magnetically neutral wedge ring 
to impart greater force in compressing the annular per- 
manent magnets in the radial and circumferential direc- 
tions. Preferably, this wedge ring is positioned adjacent 
the inner periphery of the retaining member to optimally 
complement the retaining member in compressing the 
magnet sections to avoid axial magnet displacement at 
high rotational speeds. 

Other objects and attainments together with a fuller 
understanding of the invention will become apparent 
and appreciated by referring to the following description 
and claims taken in conjunction with the accompanying 
drawings. 

In the drawings wherein like reference symbols re- 



fer to like parts: 

Fig. 1 is a vertical cross sectional view of an electric 
power storage system according to the present in- 

5 vention; 

Fig. 2 is an exploded perspective view, partially in 
vertical section showing the active bearing portions 
of a superconducting bearing device according to a 
first specific example of the first embodiment of the 

10 present invention; 

Fig. 3 is an enlarged vertical sectional view of the 
active bearing portions shown in Fig. 2; 
Fig. 4 illustrates the initiation of assembling a yoke 
and an annular permanent magnet for the magnet 

15 section for the example of the first preferred embod- 
iment of the present invention shown in Fig. 2; 
Fig. 5 is a perspective view showing the magnet 
section for the example of the first preferred embod- 
iment of the present invention shown in Fig. 2 during 

20 assembly; 

Fig. 6 is a plan view showing the magnet section for 
the example of the first preferred embodiment of the 
present invention shown in Fig. 2 as assembled; 
Fig. 7 is an exploded perspective view, partially in 

2S vertical section showing the active bearing portions 
of a superconducting bearing device according to a 
second specific example of the first embodiment of 
the present invention: 

Fig. 8 is an enlarged vertical sectional view of the 

30 active bearing portions shown in Fig. 7; 

Fig. 9 is a perspective view showing the initiation of 
assembling a yoke and an annular permanent mag- 
net for the magnet section for the example of the 
first preferred embodiment of the present invention 

35 shown in Fig. 7; 

Fig. 1 0 is an enlarged vertical sectional view show- 
ing the assembled magnet section to illustrate the 
adjustment of a stress by an inner peripheral yoke 
for the example of the first preferred embodiment of 

40 the present invention shown in Fig. 7; 

Fig. 11 is an enlarged vertical sectional view show- 
ing the assembled magnet section for the example 
of the first preferred embodiment of the present in- 
vention shown in Fig 7 illustrating the adjustment 

45 of a stress by an outer peripheral yoke; 

Fig. 1 2 is an enlarged vertical sectional view show- 
ing the active bearing portions according to another 
specific example of the first preferred embodiment 
of the invention; 

50 Fig. 13 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a first specific example of the 
second preferred embodiment of the invention; 
Fig. 14 is a vertical sectional view showing the ac- 

5S tive bearing portions of a superconducting bearing 
device according to a second specific example of 
the second preferred embodiment of the invention; 
Fig. 15 is a vertical sectional view showing the ac- 
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tive bearing portions of a superconducting bearing 
device according to a third specific example of the 
second preferred embodiment of the invention: 
Fig. 16 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 5 
device according to a fourth specific example of the 
second preferred embodiment of the invention; 
Fig. 17 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a fifth specific example of the 10 
second preferred embodiment of the invention; 
Fig. 18 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a sixth specific example of the 
second preferred embodiment of the invention; *5 
Fig. 1 9 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a seventh specific example of 
the second preferred embodiment of the invention; 
Fig. 20 is a vertical sectional view showing the ac- 20 
tive bearing portions of a superconducting bearing 
device according to an eighth specific example of 
the second preferred embodiment of the invention; 
Fig. 21 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing zs 
device according to a ninth specific example of the 
second preferred embodiment of the invention; 
Fig. 22 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a tenth specific example of the 30 
second embodiment of the invention; 
Fig. 23 is a general perspective view showing an 
annular permanent magnet according to the specif- 
ic example of the second preferred embodiment 
shown in Fig. 22; 35 
Fig. 24 is a partial exploded perspective view of dis- 
crete arcuate magnet according to the specific ex- 
ample of the second preferred embodiment shown 
in Fig. 22;portions ; 

Fig. 25 is a plan view showing the annular perma- *o 
nent magnet according to the specific example of 
the second preferred embodiment shown in Fig. 22; 
Fig. 26 is a plan view showing another annular per- 
manent magnet according to the specific example 
of the second preferred embodiment shown in Fig. 45 
22; 

Fig. 27 is a plan view showing yet another annular 
permanent magnet according to the specific exam- 
ple of the second preferred embodiment shown in 
Fig. 22; so 
Fig. 28 is a general perspective view showing a cy- 
lindrical permanent magnet according to an elev- 
enth specific example of the second preferred em- 
bodiment of the invention; 

Fig. 29 is a plan view showing the cylindrical per- ss 
manent magnet according to the specific example 
of the second preferred embodiment shown in Fig. 
28; 



Fig. 30 is a perspective view of an individual arcuate 
magnet portion according to the specific example 
of the second preferred embodiment shown in Fig. 
28: 

Fig. 31 A represents a plan view of another cylindri- 
cal permanent magnet according to the specific ex- 
ample of the second preferred embodiment shown 
in Fig. 28; 

Fig. 31 B represents a perspective view of the per- 
manent magnet of Fig. 31 A; 
Fig. 32 is a vertical sectbnal view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a first specific example of the 
third preferred embodiment of the invention; 
Fig. 33 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a second specific example of 
the third preferred embodiment of the invention; 
Fig. 34 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a third specific example of the 
third preferred embodiment of the invention; 
Fig. 35 is an example stress distribution diagram 
showing a circumferential stress at each radial po- 
sition when the rotating member is not rotating; 
Fig. 36 is an example stress distribution diagram 
showing a radial stress at each radial position when 
the rotating member is not rotating; 
Fig. 37 is an example stress distribution diagram 
showing a circumferential stress at each radial po- 
sition when the rotating member is rotating at 
40,000 rpm; 

Fig. 38 is an example stress distribution diagram 
showing a radial stress at each radial position when 
the rotating member is rotating at 40,000 rpm; 
Fig. 39 is a vertical sectional view showing a par- 
tially assembled active bearing portions of a super- 
conducting bearing device according to a fourth 
specific example of the third preferred embodiment 
of the invention; 

Figs. 40 and 41 are representative vertical sectional 
views of the specific example Fig. 39 after assem- 
bly; 

Fig. 42 is a vertical sectional view showing the ac- 
tive bearing portions of a superconducting bearing 
device according to a specific example of the fourth 
preferred embodiment of the invention; 
Fig. 43 is a partly sectionalized exploded schematic 
perspective view showing a rotating member ac- 
cording to the example shown in Fig. 42; 
Fig. 44 is a vertical sectional view of the example 
shown in Fig. 42 depicting a wedge ring forced in 
between a magnet section and a reinforcing mem- 
ber; and 

Fig. 45 is a vertical sectional view of the active bear- 
ing portions of a superconducting bearing device 
according to another specific example of the fourth 
embodiment of the invention. 
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Reference is now made to Fig. 1 , which depicts a 
schematic structural view of an electric power storage 
System fo which a superconducting bearing device of 
the invention is applied. This electric power storage sys- 
tem has a vacuum vessel 31 which contains a super- 
conductor 1 to be mounted on a stationary member A 
and a permanent magnet section 2 to be mounted on a 
rotating member B. The superconductor 1 and the mag- 
net section 2 are disposed to oppose each other with a 
gap therebetween. The superconductor 1 is housed in 
a cooling case through which a cooling medium 32 is 
circulated to cool the cooling case interior to a pre- 
scribed temperature for maintaining the superconduct- 
ing condition. An annular supporting member made of 
copper or some other metallic material is fixed to the 
outer periphery of the cooling case. The supporting 
member has the superconductor 1 embedded in the 
form of a ring or annul us therein. 

The rotating member B has the magnet section 2 
fitted to a flywheel 33 made of high tension steel. The 
rotating member B is rotated in the vacuum vessel 31 
which is evacuated into a high vacuum by a vacuum 
pump (not shown) through a pipe 34 so as to reduce a 
windage loss as small as possible. 

The flywheel 33 is provided with a permanent mag- 
net 35 so as to rotate together, and a generator motor 
36 is disposed to face the permanent magnet The gen- 
erator motor 36 serves as an uninterruptable power sup- 
ply, wherein energy is accumulated and supplied. In Fig. 
1 , reference numeral 37 designates a power converter, 
shown as a black box since further description of its de- 
tailed workings are unnecessary for an ordinary skill in 
the relevant art to garner a proper understanding of the 
present invention. 

Now, the first embodiment of the invention will be 
described with reference to the specific example shown 
in Fig. 2 through Fig. 6. 

Fig. 2 is a partly sectional exploded perspective 
view showing the active bearing components, namely 
the superconductor 1 and the permanent magnet sec- 
tion 2 of an example superconducting bearing device 
according to the first preferred embodiment of the 
present invention, and Fig. 3 is a vertical cross-sectional 
view of the same. As described above, this supercon- 
ducting bearing device is provided with the supercon- 
ductor 1 to be mounted on the stationary member A and 
the permanent magnet section 2 to be mounted on the 
rotating member B, and the superconductor 1 and the 
magnet section 2 are disposed to oppose each other 
with a precise gap therebetween. 

The superconductor 1 has a conventional known 
structure, and housed in a cooling case which is not 
shown here. As described above, an annular supporting 
member made of copper or some other metallic material 
is fixed to the outer periphery of the cooling case. The 
supporting member has the superconductor embedded 
in the form of a ring residing therein. And, within the cool- 
ing case, a cooling medium is circulated to cool the cool- 



ing case interior to a prescribed temperature for keeping 
a superconducting condition. 

Preferably, the superconductor 1 is formed by uni- 
formly mixing normal conduction particles Y5Ba1Cu1 
5 into a yttrium high-temperature superconductor, e.g., a 
substrate made of YBa2Cu30x, and has a characteris- 
tic to restrain the intrusion path of magnetic fluxes gen- 
erated from annular permanent magnets 3 to be de- 
scribed in more detail hereinbelow The superconductor 
10 1 has its length in a radial direction (normal to central 
rotational axis 1 000) determined to be longer than a total 
of radial lengths of the annular permanent magnets 3 
from the innermost surface to the outermost surface. 
The superconductor 1 is disposed to oppose the an- 
*5 nular permanent magnets 3 with a prescribed gap ther- 
ebetween in the axial direction (parallel to central rota- 
tional axis 1000). Specifically, the gap between the su- 
perconductor 1 and the annular permanent magnets 3 
is determined to allow that a prescribed quantity of mag- 
20 netic fluxes from the annular permanent magnets 3 pen- 
etrates the superconductor land the distributed condi- 
tion of the penetrated magnetic fluxes does not change 
even when the rotating member B is rotated. 

Turning to Figs. 2 and 3, the rotating member B pref- 
25 erably consists of a rotor 5 having a hollow central por- 
tion to receive a central rotating flywheel shaft (not 
shown) from above or below, and the aforementioned 
magnet section 2 fixed to the rotor 5. The magnet sec- 
tion 2 is concentric with the axis 1000 of the rotating 
30 member B and has the multiple annular permanent 
magnets 3 which are mutually magnetized so that the 
neighboring magnets 3 are repelled in the radial direc- 
tion, and an annular soft magnetic yoke 4 is disposed 
between the respective annular permanent magnets 3. 
35 In this specific example, the annular permanent 
magnets 3 use, e.g., a Pr-Fe-B-Cu-based permanent 
magnet produced by known hot processing techniques, 
and the annular soft magnetic yoke 4 is made of soft, 
malleable iron. In this structure, the magnetic fluxes 
40 from the north poles of the annular permanent magnets 
3 pass through the annular soft magnetic yoke 4 and 
return to the south poles of the annular permanent mag- 
nets 3. Thus, the magnetic fluxes from the annular per- 
manent magnets 3 are narrowed down and concentrat- 
es ed by their interposing annular soft magnetic yokes 4, 
so that a magnetic density acting on the superconductor 
1 can be increased substantially. 

This superconducting magnetic bearing device has 
its superconductor cooled by the cooling medium which 
^o is circulating within the cooling case to keep it within the 
superconducting state. In the superconducting state, 
the magnetic fluxes from the annular permanent mag- 
nets 3 of the rotating member B penetrate to selectively 
pass through the normal conduction particles which are 
55 uniformly mixed into the superconductor, and a super- 
conductive current passes around the penetrated mag- 
netic fluxes to maintain the intrusion path of the mag- 
netic fluxes constant. Therefore, the rotating member B 
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and the annular permanent magnets 3 fall in a state 
known as the pinning phenomenon, where they are con- 
strainedly the superconductor by the magnetic fluxes. 
But, the magnets are not restricted by the superconduc- 
tor from moving in a direction that flux density is not s 
changed, and the annular permanent magnets 3 which 
are configured by an axially symmetrical magnetic cir- 
cuit can smoothly rotate without being restricted at all 
by magnetic interaction with the superconductor 1 . 

When the superconducting bearing device has a 10 
large bearing and a single-body annular permanent 
magnet cannot be made, a plurality of permanent mag- 
nets are connected to form the annular permanent mag- 
nets 3. In this case, the annular permanent magnet 3 
and the annular soft magnetic yoke 4 are alternately dis- is 
posed, the nonuniformity in magnetic flux, which is gen- 
erated on the joint faces of the magnets forming respec- 
tive annular permanent magnets 3, can be reduced, en- 
abling to produce a large-scale bearing device. 

Reference numeral 6 designates a reinforcing 20 
member which is mounted on the outermost end of the 
magnet section, and serves to prevent the magnet sec- 
tion 2 from being subjected to a tensile break due to cen- 
trifugal force caused by high rotational speeds. 

Moreover, as shown in Fig. 3, the joint faces of each 2s 
annular permanent magnet 3 and each soft magnetic 
yoke 4 take on a curved or spherical shape bowed out- 
wardly from the center of the magnet section 2 and cen- 
tral rotational axis 1000. More specifically, the outer ra- 
dial joint surface of each permanent magnet 3 may be 30 
curved convex to the central rotational axis 1000 to en- 
gage the corresponding concave radial joint surface of 
its circumferentially larger adjacent yoke 4. Conversely, 
the inner radial joint surface of each permanent magnet 
3 may be curved concave relative to the central rotation- 35 
al axis 1000 to receive the corresponding convex radial 
joint surface of its circumferentially smaller adjacent 
yoke 4. In so doing, the alternating magnet and yoke 
rings comprising the magnetic plate section interlock 
with concave surfaces securing corresponding concave 40 
sections to prevent axial displacement thereof. 

By assembling from the inner periphery to the outer 
periphery according to this procedure, the magnet sec- 
tion having a large size can be assembled smoothly. 
Specifically, referring to Fig. 4, the magnet section 2 of 45 
the superconducting bearing device of this specific ex- 
ample is assembled by applying an external force F 
against the soft magnetic yoke 4 to elaslically deform in 
the shape of an oval, and fitting an annular permanent 
magnet having the corresponding inner and outer pe- so 
ripheries at right angles with respect to the major and 
minor axes of the oval yoke 4. In other words, the inner 
annular permanent magnet 3 is fitted into the major axis 
section having the maximum inner peripheral distance 
of the oval -shaped soft magnetic yoke 4, and the outer ss 
annular permanent magnet 3 is fitted to cover the minor 
axis section having the minimum outer peripheral dis- 
tance of the oval-shaped soft magnetic yoke 4 Then, 



when the applied external force F is removed to return 
the soft magnetic yoke 4 to have a normal shape of 
roundness, the inner and outer annular permanent mag- 
nets are fitted at right angles to the yoke 4 as shown in 
Fig. 5. Then, with the major and minor axes of the yoke 
4 in the oval shape as the center of rotation, the corre- 
sponding inner and outer annular permanent magnets 
3 are rotated to meet their end faces with the end faces 
of the soft magnetic yoke 4, thus completing the assem- 
bling as shown in Fig. 6. 

By virtue of the presence of the soft magnetic yoke 
4, a pressing force and a tensile force which are applied 
to the magnets 3 when assembling are reduced by being 
absorbed by the elastic deformation of the soft magnetic 
yoke 4, so that any unexpected damage to the magnets 
3 can be prevented. Besides, this procedure can be re- 
peated to externally assemble additional soft magnetic 
yokes 4 and magnets 3 to any desired number of com- 
binations. 

As described above, according to the supercon- 
ducting bearing device of this specific example, for the 
superconducting bearing device in which the magnet 
section of the rotating member comprises the plurality 
of annular permanent magnets 3 placed concentrically 
around the axis 1000 of the rotating member and the 
soft magnetic yokes 4 positioned between the annular 
permanent magnets 3, since the joint faces of each 
magnet and each yoke are curved, generally following 
spherical or arcuate surface relative to the center of the 
magnet section, the soft magnetic yoke and the inner 
and outer annular permanent magnets can be assem- 
bled smoothly by being elastically deformed into an oval 
shape by applying an external force to the yoke. Fur- 
thermore, when this procedure is repeated, namely 
when the above assembled body is regarded as one an- 
nular permanent magnet and another soft magnetic 
yoke is used, the yoke and the inner and outer magnets 
can be assembled into a desired number of combina- 
tions. 

The respective magnets and yoke members can be 
disassembled only by following the above assembly 
procedure in reverse order, namely by rotating the mag- 
net and yoke rings using the axis 1000 as the center. 
Thus, any member can be surely prevented from being 
removed in the axial direction when rotating in a single 
plane normal to the central rotating axis 1000. 

Now, a second specific example of the first pre- 
ferred embodiment of the invention will be described 
with reference to Figs. 7 through 11 hereinbelow. 

Fig. 7 is an exploded cut-a-way schematic perspec- 
tive view showing the general structure of the active 
bearing components of a superconducting bearing de- 
vice according to this specific example, and Fig. 8 is a 
vertical sectional view of the same. This superconduct- 
ing bearing device has the same basic structure as the 
above-described specific example, and is provided with 
a superconductor 1 mounted on a stationary element A 
and a permanent magnet section 2 mounted on a rotat- 
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ing member B. and the superconductor 1 and the mag- 
net section 2 are mutually opposed with a gap therebe- 
tween. 

In this specific example, joint faces of respective an- 
nular permanent magnets 3 and soft magnetic yokes 4 
positioned between them of the magnet section 2 are 
formed to have a slanted face in a direction these mem- 
bers 3, 4 are inserted. As shown in Fig. 8, these faces 
are slanted in a direction to permit ring expansion exter- 
nally and upwardly. Specifically, the members 3, 4 are 
vertically fitted along the vertical rotating axis of the 
bearing device. Thus, when the magnet section 2 is as- 
sembled from inside to outside according to the follow- 
ing procedure, the magnet section having a large diam- 
eter can be assembled smoothly 

Specifically, description will be made of a procedure 
for assembling the magnet section 2 of the supercon- 
ducting bearing device of this specific example. As 
shown in Fig. 9, a block, which is formed by successively 
mounting the soft magnetic yoke 4 and the annular per- 
manent magnet 3 on the outer periphery of the inner- 
most member or the rotor 5, is mounted on an assem- 
bling jig 13. The assembling jig 13 has its outer radius 
formed slightly smaller than the outer radius of the block, 
so that when the yoke 4 is forced to be fitted to the out- 
ermost periphery of the block to be described afterward, 
the block as a whole can be contracted in diameter and 
deformed. 

Then, the annular soft magnetic yoke 4 is forced fit- 
ted to the outer periphery of the annular permanent 
magnet 3 of the block. The yoke 4 prior to the forced 
fitting has a length in the inserting direction determined 
to be slightly longer than the thickness of the block. The 
front and rear ends of the yoke 4 are designed to pro- 
trude from the ends of the block when the yoke is mount- 
ed on the block. On the process of this mounting, the 
inner peripheral surface of the soft magnetic yoke 4 has 
a conical surface to expand upwardly, and the outer pe- 
ripheral surface of the annular permanent magnet 3 is 
formed to have a conical surface to fit the inner periph- 
eral surface of the soft magnetic yoke 4. Thus, assem- 
bling can be facilitated because the opening of the yoke 
4 is expanded when insertion is started and the conical 
surface having an inclined sectional shape serves as a 
guide face. 

At this time, the adjustment of press-fitting degree 
of the soft magnetic yoke 4 can optimally adjust a force 
for compressing the magnet 3 by the yoke 4. Namely, 
when the yoke 4 is pressed in the direction indicated by 
arrow Y as shown in Fig. 10, the yoke compressive force 
is increased. Conversely, when the yoke 4 is positioned 
in the direction indicated by arrow X as shown in the 
figure, the yoke compressive force is reduced. There- 
fore, since the yoke compressive force can be optimally 
adjusted when assembling, the deviation in external di- 
mensional precision of the annular permanent magnets 
3, 3 and the soft magnetic yokes 4, 4 can be accommo- 
dated by adjusting the compressive allowance by 



means of the soft magnetic yoke 4. 

And, when the soft magnetic yoke 4 is mounted with 
an optimum compression stress provided, the assem- 
bling jig 13 is removed, the needless protrusion of the 

5 soft magnetic yoke 4 from the end surface of the annular 
permanent magnet 3 is removed by grinding the surface 
to make the end surface uniform. 

Then, on the outer periphery of the soft magnetic 
yoke 4 mounted on the annular permanent magnet 3, 

10 another annular permanent magnet 3 and another soft 
magnetic yoke 4 are successively mounted by the same 
procedure described hereinabove. Namely, as shown in 
Fig. 10, an annular permanent magnet 3 is mounted on 
the outer periphery of the soft magnetic yoke 4 which is 

is mounted on the annular permanent magnet 3, another 
assembling jig 13 having an outer periphery radius 
slightly smaller than the entire external periphery radius 
in the state that the annular permanent magnet 3 is 
mounted is mounted, and another annular soft magnetic 

20 yoke 4 is press-fitted to the outer periphery of the annu- 
lar permanent magnet 3. At the time, in the same way 
as above, since the inner periphery surface of the soft 
magnetic yoke 4 is formed in a conical surface having 
an inclined shape, this conical surface serves as a guide 

2S face to facilitate the forced fitting. When the yoke 4 is 
fixed by the forced fitting so as to have an optimum com- 
pression stress, in the same way as above, the protru- 
sion of the soft magnetic yoke 4 is removed along the 
end faces of the inner combined magnet 3 and yoke 4. 

30 Then, another magnet 3 as well as another assembling 
jig 1 3 are mounted on the outer periphery, and an addi- 
tional yoke 4 is press-fitted. 

Accordingly, the rotating member B is produced by 
mounting the magnet section 2 which comprises the 

35 multiple sets of the annular permanent magnets 3 and 
soft magnetic yokes 4 and the reinforcing member 6 
which is mounted on the outermost periphery of the 
magnet section 2 to prevent a tensile breakage from oc- 
curring due to centrifugal force when rotating as shown 

40 in Fig. 8. In the figure, reference numeral 1 4 designates 
a warp-preventing member which is nonmagnetic and 
has a sufficient strength of rigidity. When a magnetic lev- 
itating force from the superconductor 1 is not uniform, 
this warp-preventing member 14 serves to prevent the 

45 annular permanent magnets 3 and the magnet section 
2 from warping into a deformed shape. 

In this specific example, since the annular perma- 
nent magnets and soft magnetic yokes are provided with 
a conical or slanted surface, fitting can be made with a 

so small compressing allowance by the soft magnetic 
yokes, and the distribution of compression stress to the 
magnet on the inner periphery surface can be made uni- 
form. And, when the distribution of compressive force 
against the magnet is made uniform, the dispersion of 

ss compression stress given is eliminated, so that the ro- 
tating operation can be prevented from being failed, and 
the device can be improved in safety and reliability 
In the above specific example, the conical or slant- 
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ed surfaces for joining the magnet section 2 and the re- 
spective members 3, 4 are slanted in a direction to ex- 
pand externally and upwardly as shown in a sectional 
view. But. it is to be understood that they may be formed 
to expand externally and downwardly as shown in Fig. s 
1 2. In this case, to assemble the members 3, 4, they are 
fitted downwardly with respect to the bearing device. 
And, the rotor 5 at the innermost periphery is firmly fixed 
to the warp-preventing member 14 with screws 15 to 
prevent the members 3 : 4 from dropping down from the 10 
magnet section 2. At the same time, since the magnet 
section 2 is fixed to the warp-preventing member 1 4 by 
the screws 15 fitted in the rotor 5 at the innermost side 
where centrifugal force is relatively small when rotating, 
an adverse effect on the screwed connection due to cen- is 
trifugal force can be prevented. 

And, the members 3, 4 may have their joining sur- 
faces combined as desired between the two inclined di- 
rections. Specifically, the member on the inner periphery 
side may be inclined to expand downwardly, and the 20 
member on the outer periphery side may be inclined to 
expand upwardly. 

Furthermore, the joint faces of the annular perma- 
nent magnets and the soft magnetic yokes have the 
same inclined angle in this specific example, but may 2 s 
be changed as desired. For example, the inclined angle 
may be decreased from the inner to outer peripheries. 
And, these joint faces may be curved, and may be com- 
bined as desired. 

As described above, according to the specific ex- 30 
amples of the first preferred embodiment of the present 
invention, in the superconducting bearing device in 
which the magnet section of the rotating member com- 
prises the plurality of annular permanent magnets con- 
centric with the axis of the rotating member and the soft 35 
magnetic yoke positioned between the annular perma- 
nent magnets, since the joint faces of respective mag- 
nets and yokes are formed to have the conical or slanted 
surface in their inserting directions, when the press-fit- 
ting degree of the yoke in the axial direction is adjusted 40 
when assembling, a force for compressing the magnet 
on the inner periphery side by the yoke in a radial direc- 
tion can be adjusted optimally. Thus, the magnet-and- 
yoke multiple ring structure can optimally adjust the 
stress condition of each joint face when assembling. *s 
Therefore, since the deviation in external dimensional 
precision of the annular permanent magnets and the 
soft magnetic yokes can be accommodated by adjusting 
the compressing allowance by means of the soft mag- 
netic yoke, the allowable dimensional errors of the an- so 
nular permanent magnets and soft magnetic yokes are 
increased, facilitating production control and reducing a 
production cost. 

Since the magnets and yokes of the magnet section 
can not move in the direction that the yokes are inserted ss 
when assembling, when the inserting direction becomes 
downward when the bearing device is completed, the 
conical or slanted joint faces of the adjacent members 



can securely prevent the respective members from 
coming out downward along the rotating shaft. And, 
when the inserting direction is determined to be upward, 
the member at the innermost periphery can be merely 
fixed firmly to the member positioned above such as the 
warp-preventing member to prevent respective mem- 
bers, which are positioned toward the outermost periph- 
ery, from dropping down, and since the member at the 
innermost periphery is used for connecting, an adverse 
effect on this connection due to centrifugal force can be 
reduced. 

In the aforementioned specific examples according 
to the first preferred embodiment, a Pr-Fe-B-Cu based 
magnet has been used as a magnet, but the magnet is 
not limited to it, and any permanent magnets such as 
ferrite, Alnico, neodymium-based or samarium-based 
may be used. Besides, the superconductor has been 
described using the yttrium high-temperature supercon- 
ductor as an example, but any superconductor such as 
(RE-Ba-Cu-O)-based containing, e.g., rare earth based 
elements, which can have a restoring force against 
magnets, may be used. And, the RE above is one or 
more elements selected from the group of elements 
consisting of Y, Sm, Eu, Gd, Dy, Ho, Er and Yb. 

Description will now be made of the second embod- 
iment of the invention. 

The first specific example of the second embodi- 
ment of the invention will be described with reference to 
Fig. 13. 

Fig. 1 3 is a vertical sectional view showing the main 
part of a superconducting bearing device according to 
this specific example. This superconducting bearing de- 
vice is provided with a superconductor 1 to be mounted 
on a stationary member A which is fixed to the device 
and a permanent magnet section 2 to be mounted on a 
rotating member B which is fixed to a rotating shaft, and 
the superconductor 1 and the permanent magnet sec- 
tion 2 are disposed to oppose each other with a pre- 
scribed gap therebetween. 

The superconductor 1 has a conventional known 
structure and is housed in a cooling case which is not 
shown. On the outer periphery of the cooling case, an 
annular supporting member made of copper or another 
metallic material is affixed. And, the supporting member 
has an annular superconductor embedded in it. The 
cooling case is also connected to a refrigerating ma- 
chine (not shown) via a pipe to receive a cooling medium 
from the refrigerating machine. Thus, the superconduc- 
tor in the cooling case is cooled by the cooling medium 
which is circulating within the cooling case at a low tem- 
perature that the superconducting condition can be re- 
tained. 

In the same way as in the aforementioned example, 
the superconductor 1 is formed by uniformly mixing nor- 
mal conduction particles Y2Ba1 Cu1 into a yttrium high- 
temperature superconductor e.g., a substrate made of 
YBa2Cu30x, and has a characteristic to restrain the in- 
trusion path of magnetic fluxes generated from annular 
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permanent magnets 3 of a permanent magnet section 

2 to be described hereinbelow. The superconductor 1 
' has its length in a radial direction determined to be long- 
er than a total of radial lengths from the innermost end 

to the outermost end of the annular permanent magnets s 

3 of the magnet section 2 which is opposed to the su- 
perconductor 1. 

The superconductor 1 is disposed to oppose the an- 
nular permanent magnets 3 with a prescribed gap ther- 
ebetween in the axial direction. Specifically, the gap be- io 
tween the superconductor 1 and the annular permanent 
magnets 3 is determined to allow that a prescribed 
quantity of magnetic fluxes from the annular permanent 
magnets 3 penetrates into the superconductor 1 and the 
distributed condition of the penetrated magnetic fluxes is 
does not change even when the rotating member B is 
rotated at high speeds. 

The rotating member B consists of a rotor 5 having 
a hollow central section to receive a rotating flywheel 
shaft (not shown). The aforementioned magnet section 20 
2 is fixed to the rotor 5. The magnet section 2 is concen- 
tric with the central axis 1 000 of the rotating member B 
and has multiple annular permanent magnets 3 which 
are mutually magnetized so that the neighboring mag- 
nets 3 are repelled in the radial direction, and an annular 25 
soft magnetic yoke 4 is disposed between the respective 
annular permanent magnets 3 and at the innermost and 
outermost peripheries. In this specific example, the an- 
nular permanent magnets 3 use, e.g., a Pr-Fe-B-Cu- 
based permanent magnet produced by a hot processing 30 
method, and the annular soft magnetic yoke 4 is made 
of soft, malleable iron. In this structure, the magnetic 
fluxes from the north poles of the two annular permanent 
magnets 3 pass through the annular soft magnetic 
yokes 4 and return to the south poles of the annular per- 3S 
manent magnets 3. Thus, the magnetic fluxes from the 
annular permanent magnets 3 are narrowed down and 
concentrated by the annular soft magnetic yokes 4, so 
that a magnetic density acting on the superconductor 1 
can be increased substantially. When this supercon- 40 
ducting magnetic bearing device is operating, its super- 
conductor 1 is cooled by the cooling medium circulating 
within the cooling case to keep it in the superconducting 
state. In the superconducting state, the magnetic fluxes 
from the annular permanent magnets 3 of the rotating *s 
member B penetrate to selectively pass through the nor- 
mal conduction particles which are uniformly mixed into 
the superconductor and a superconductive current 
passes around the penetrated magnetic fluxes to fix the 
intrusion path of the magnetic fluxes as a constant, so 
Therefore, in the same way as described above, the an- 
nular permanent magnets 3 are rotated by the pinning 
phenomenon. 

When the superconducting bearing device has a 
large bearing area and a single-body annular perma- ss 
nent magnet cannot be made, a plurality of permanent 
magnets are connected to form the annular permanent 
magnets 3. In this case, the annular permanent magnet 



3 and the annular soft magnetic yoke 4 are alternately 
disposed, the nonuniformity in magnetic fluxes which 
are generated on the joint faces of the magnets forming 
respective annular permanent magnets 3 can be re- 
duced, enabling to produce a large-scale bearing de- 
vice. 

Still referring to Fig. 13, reference numeral 6 desig- 
nates a reinforcing member which is mounted on the 
outermost end of the magnet section Specifically, the 
reinforcing member 6 having the shape of a ring is 
mounted on the outer periphery of the annular perma- 
nent magnets 3 to compress the annular permanent 
magnets in radial and peripheral directions. The rein- 
forcing member 6 is made of a material having a specific 
gravity smaller than the annular permanent magnets 
and a high tensile break strength. And, the compressive 
force by the reinforcing member 6 in the radial and pe- 
ripheral directions of the annular permanent magnets is 
designed to be smaller than a compression break 
strength of the magnets when the rotating member is 
not rotating. Preferably, the reinforcing member is a ring 
which is made of, for example, carbon fiber reinforced 
plastic (CFRP). 

Accordingly, the annular permanent magnets can 
be prevented from a tensile break due to centrifugal 
force. As a result, even when the annular permanent 
magnets have a large external size, their mechanical 
strength can be improved against the rotation at a high 
speed, and can provide a superconducting bearing de- 
vice having a high loading force. 

Also, in this specific example, the circumferential 
end of the soft magnetic yoke 4 which is mounted be- 
tween the annular permanent magnets 3 and at the in- 
nermost and outermost peripheries is designed to pro- 
trude from the surface of the magnet section toward the 
superconductor, enabling improvement of magnetic 
field intensity, as is known in the art. More specifically, 
when structured as described above, the magnetic flux- 
es generated from the north poles of the annular per- 
manent magnets 3 pass through the annular soft mag- 
netic yokes and return to the south poles of the annular 
permanent magnets 3. In this case, the magnetic fluxes 
from the north poles to the south poles of the annular 
permanent magnets 3 are narrowed down by the annu- 
lar magnetic yokes, so that a magnetic flux density act- 
ing on the superconductor can" be increased substan- 
tially. 

In this case, as to the distribution of surface mag- 
netic fluxes, the magnetic flux density in the vicinity of 
the surface of the annular soft magnetic yoke 4 is high. 
And, the peak of the magnetic flux density can be varied 
by changing the width in the radial direction of the an- 
nular permanent magnets 3 and the annular soft magnet 
yokes 4. But, to attain other desirable effects of the sec- 
ond embodiment of the invention discussed hereinbe- 
low, it is a design requirement that the width of the an- 
nular soft magnetic yoke 4 be smaller than those of the 
annular permanent magnets 3. 
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In this specific example, the peak of the magnetic 
flux density can be increased by including the annular 
soft magnetic yoke 4 disposed between the annular per- 
manent magnets 3 as described above. Therefore, 
when the magnetic flux density acting on the supercon- $ 
ductor 4 is increased, rigidity for retaining the gap be- 
tween the magnet section 2 and the superconductor 1 
can be improved. 

In addition, the annular soft magnetic yoke 4 serves 
to ease the nonuniformity in magnetic fluxes from the 10 
ann ular permanent magnets 3. More specifically, the an- 
nular permanent magnets 3 exhibit nonuniformity in 
magnetic flux on their surfaces derived from their pro- 
duction process, and the nonuniformity in magnetic flux 
in the rotating direction becomes a hysteresis loss within 
the superconductor 4 to cause a loss in rotating energy, 
resulting in a rotating loss of the bearing. But, since the 
nonuniformity in magnetic flux of the annular permanent 
magnets 3 can be made uniform by including the annu- 
lar soft magnetic yoke 4, the nonuniformity in magnetic 20 
flux in the rotating direction can be reduced, and the ro- 
tating loss of the bearing can be reduced. 

Furthermore, in this specific example, the width of 
the annular soft magnetic yoke 4 in the radial direction 
is determined so that the magnetic fluxes from the an- 2s 
nular permanent magnets 3 are saturated in the annular 
soft magnetic yoke 4. Specifically, the magnetic flux 
density in the annular soft magnetic yoke 4 is variable 
depending on a total quantity of magnetic fluxes from 
the adjacent annular permanent magnets 3 and their so 
corresponding radial. But, it has been determined for 
this particular illustrated example, according to known 
techniques, that the width of each annular magnetic 
yoke 4 forces the magnetic flux, which passes through 
the annular soft magnetic yoke 4, to fall in a saturated 3S 
state. Thus, as is well-known in the art, an annular soft 
magnetic yoke 4 which has a saturated magnetic flux 
does not have its surface magnetic flux density in- 
creased very much if its radial width is further narrowed, 
and the annular permanent magnets 3 mutually op- 40 
posed with the annular soft magnetic yoke 4 have their 
magnetic fields decreased. Conversely, when the width 
of the annular soft magnetic yoke 4 in the radial direction 
is increased, the peak of the magnetic flux density on 
the surface is lowered and the rigidity of the bearing is *s 
lowered, but the effect for easing the nonuniformity in 
magnetic flux is improved. 

The annular permanent magnets 3 in this specific 
example are magnetized in the radial direction and can 
be magnetized easily in a known manner. And, when so 
the superconducting bearing device has a large bearing 
and a single-body annular permanent magnet cannot be 
made, a plurality of magnet pieces are connected to 
form the annular permanent magnets 3. In this case, ac- 
cording to the structure of this specific example in which ss 
the annular soft magnetic yoke 4 is disposed between 
the annular permanent magnets 3, a large bearing can 
be produced with the nonuniformity in magnetic flux re- 



duced. 

Still referring to Fig. 13, as to the opposed faces of 
a superconductor 1 and magnet section 2. the annular 
permanent magnets 3 and the annular magnetic yoke 4 
have a different gap with respect to the superconductor 
1, and the gap between the annular magnetic yoke 4 
and the superconductor 1 is smaller than that between 
the annular permanent magnets 3 and the supercon- 
ductor 1 . As stated above, the annular soft magnetic 
yoke 4 serves to concentrate the magnetic fluxes from 
the annular permanent magnets 3 and disperses the 
magnetic fluxes uniformly. Most of the magnetic fluxes 
radiated into the ambient environment are from the an- 
nular soft magnetic yoke 4. Specifically, the magnetic 
fluxes directly generated from the annular permanent 
magnets 3 are not uniform at the junctions between the 
magnets. But, the effects by the magnetic fluxes directly 
generated from the annular permanent magnets 3 can 
be lowered by protruding the annular soft magnetic yoke 
4 from the magnet surfaces. 

And, even when the gap between the superconduc- 
tor 1 and the annular permanent magnets 3 is made 
larger than that between the superconductor 1 and the 
annular soft magnetic yoke 4, the magnetic fluxes actu- 
ally acting on the superconductor 1 are not substantially 
reduced unless the gap between the superconductor 1 
and the annular soft magnetic yoke 4 varies, so no dis- 
cernible rotational loss is experienced if the yoke exten- 
sions are uniform as depicted. 

According to this specific example, the annular per- 
manent magnets 3 and the annular soft magnetic yoke 
4 can have their inner diameters processed separately, 
thus precision for processing the inner diameter of the 
annular soft magnetic yoke 4 can be improved. In this 
case, the magnetic flux leakage from the annular per- 
manent magnets 3 barely effect the efficiency of the su- 
perconductor 1 . Therefore, a rotating energy loss in the 
superconductor 1 is substantially nil even when the 
magnetic fluxes leaked from the annular permanent 
magnets 3 are not uniform. More specifically, a magnetic 
path in the space returning from the annular permanent 
magnets 3 to the superconductor 1 of the superconduct- 
ing bearing device according to this specific example 
can be shortened. As a result, field permeance of the 
magnet section 2 as a whole can be increased, and the 
magnetic flux density to the superconductor can be fur- 
ther improved. 

As described above, according to this specific ex- 
ample, in the superconducting bearing device in which 
the magnet section of the rotating member comprises 
the plurality of annular permanent magnets concentric 
with the axis of the rotating member and the soft mag- 
netic yoke positioned between the annular permanent 
magnets and at the innermost and outermost peripher- 
ies, since the yoke is extended from the magnet section 
to the superconductor side, a magnetic field strength 
can be improved by the yoke which guides the magnetic 
fluxes from the magnets, the nonuniformity in magnetic 
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flux can be reduced, and a high-performance bearing 
device can be produced. 

And, a ring-shaped reinforcing member, which com- 
presses the annular permanent magnets in radial and 
peripheral directions, is mounted on the outer periphery s 
of the annular permanent magnet to prevent a tensile 
break in the annular permanent magnets due to centrif- 
ugal force. Therefore, even when the annular perma- 
nent magnets have a large external size, their mechan- 
ical strength can be improved against the rotation at a 10 
high speed. As a result, a superconducting bearing de- 
vice having a high loading force can be produced. 

In these embodiments, magnets for the supercon- 
ducting bearing device have a maximum tensile 
strength of 24 Kg/mm2 when a Pr-Fe-B-Cu-based per- is 
manent magnet produced by a hot processing method 
is used, or a maximum tensile strength of 8 Kg/mm2 
when an Nd-Fe-B-based sintered magnet is used. 
Therefore, even when a conventional fly-off preventive 
member is disposed, the magnets are difficult to prevent 20 
from being broken because a stress exceeding the 
above tensile strength is generated in the magnets 
when rotating at high speed. 

On the other hand, to increase a loading force, it is 
necessary to enlarge the opposed surface areas of the 25 
superconductor and the permanent magnets. To secure 
the area, it is necessary to enlarge the outer diameter 
of the magnet section, but the outer diameter of the mag- 
net section is greatly limited because of the limitation of 
the rotation strength as described hereinabove. Specif- 30 
ically, the magnets mounted on the rotating member 
have a very low tensile strength, while its compression 
strength is so high as about 100 Kg/mm2. With attention 
directed to the above fact, the inventors propose a struc- 
ture which can prevent as much as possible the appli- 35 
cation of a compressive force by the reinforcing member 
as well as the reduction of the applied compressive force 
or the force applied by the reinforcing member due to 
the centrifugal force when rotating. 

Thus, according to this specific example of the sec- 40 
ond preferred embodiment, at least the magnet section 
2 of the rotating member is provided with annular per- 
manent magnets concentric with the axis of the rotating 
member and a ring-shaped reinforcing member, which 
compresses the annular permanent magnets in radial 45 
and peripheral directions, is mounted on the outer pe- 
riphery of the annular permanent magnet. Therefore, 
the mechanical strength of the magnets against the ro- 
tation at a high speed can be improved even when the 
annular permanent magnet is given a large external so 
size. As a result, a superconducting bearing device hav- 
ing a high loading force can be obtained. 

Now, the second specific example of the second 
embodiment of the invention will be described with ref- 
erence to Fig. 1 4. ss 

Fig. 14 shows a vertical sectional view of the main 
part of a superconducting bearing device of this specific 
example. This superconducting bearing device is pro- 



vided with a superconductor 1 to be mounted on a sta- 
tionary member A and a permanent magnet section 2 
to be mounted on a rotating member B, and the super- 
conductor 1 and the permanent magnet section 2 are 
disposed to oppose each other with a gap therebe- 
tween. Thus, the basic structure is the same as the first 
specific example of the second preferred embodiment, 
discussed hereinabove. In the following specific exam- 
ples, description which is the same as in the first specific 
example will be omitted, and the main points of the prac- 
tical structure will be described. 

In this specific example, the circumferential ends of 
soft magnetic yokes 4 which are mounted between the 
respective annular permanent magnets 3 of the magnet 
section 2 are protruded toward the superconductor 1 
and have their cross-sectional shapes formed in the 
shape of an arc. 

Now, the third specific example of the second em- 
bodiment of the invention will be described with refer- 
ence to Fig. 15. 

In this specific example, the circumferential ends of 
the soft magnetic yokes 4 protruded toward the super- 
conductor 1 have their cross-sectional shapes cham- 
fered as shown in Fig. 15. Therefore, substantially the 
same effects as in the second specific example are pro- 
vided, and the cross-sectional shape in the radial direc- 
tion can be formed by plane processing as compared 
with the processing to form into an arched end. 

The fourth specific example of the second embod- 
iment of the invention will be described with reference 
to Fig. 16. 

In this specific example, soft magnetic yokes 4 have 
a sectional form in the radial direction that the part on 
the side of a superconductor 1 (lower side in the figure) 
is broad, the part on the opposite side from the super- 
conductor 1 (upper side in the figure) is narrowed and 
wedge-shaped, and the part on the side of the super- 
conductor 1 has a sectional form protruded in the shape 
of an arc as shown in Fig. 16. Therefore, the quantity of 
magnetic fluxes generated from the respective annular 
permanent magnets 3 and guided to the yokes 4 is high 
when directed toward the superconductor is higher. 
Specifically, among a total magnetic flux quantity of the 
annular permanent magnets 3, the quantity passing 
through the space on the side of the superconductor be- 
comes higher than the quantity passing through the 
space on the opposite side from the superconductor. As 
a result, the magnetic fluxes from the magnets are used 
more efficiently to enable the improvement of a magnet- 
ic field strength with respect to the superconductor, thus 
enabling to provide a highly efficient magnetic bearing. 

The fifth specific example of the second preferred 
embodiment of the invention will be described with ref- 
erence to Fig. 17. 

In this specific example, annular permanent mag- 
nets 3 are radially magnetized in curved and different 
directions with respect to the internal radial direction, in 
a magnetizing manner well-known in the art. Therefore, 
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the quantity of magnetic fluxes from the annular perma- 
nent magnets 3 directed toward the superconductor is 
^higher. Specifically, among a total magnetic flux quantity 
of the annular permanent magnets 3, the quantity pass- 
ing through the space on the side of the superconductor s 
becomes higher than the quantity passing through the 
space on the opposite side from the superconductor. As 
a result, the magnetic fluxes from the magnets are used 
more efficiently to enable the improvement of a magnet- 
ic field strength with respect to the superconductor, thus io 
enabling to provide an efficient magnetic bearing. 

The sixth specific example of the second embodi- 
ment of the invention will be described with reference to 
Fig. 18. 

In this specific example, respective annular perma- is 
nent magnets 3 consist of a pair of magnets 3A, 3B 
which are opposingly slantingly magnetized in the radial 
direction as shown in Fig. 18, so that the magnetized 
direction becomes similar to that of the annular perma- 
nent magnets 3 in the fifth specific example. Therefore, 20 
the effects to be obtained are almost the same as those 
when the magnets used inside are magnetized in the 
curved and different directions, and it is not necessary 
to magnetize a single magnet in the curved and different 
directions, which is relatively more difficult to obtain. 25 

The seventh specific example of the second pre- 
ferred embodiment of the invention will be described 
with reference to Fig. 19. 

In this specific example, each annular permanent 
magnet consists of three magnets 3A, 3B, 3C which are 30 
slantingly magnetized in the radial direction in section 
as shown in Fig. 1 9, so that a more approximate mag- 
netized direction can be attained in connection with the 
curved magnetization as compared with the magnetized 
direction of the annular permanent magnets used in the 35 
sixth specific example. Specifically, the slantingly mag- 
netized magnet 3A has its north pole slantingly magnet- 
ized toward the superconductor, the slantingly magnet- 
ized magnet 3B has its north pole slantingly magnetized 
in a direction away from the superconductor, and the in- *o 
termediate magnet 3C, which is radially magnetized in 
parallel to the superconductor, is positioned between 
the magnets 3A and 3B. 

Therefore, the production can be facilitated in the 
same way as in the sixth specific example, and a more 45 
approximate magnetized direction similar to the fifth 
specific example can be obtained, thus enabling the im- 
provement of a magnetic field strength. 

The eighth specific example of the second embod- 
iment of the invention will be described with reference so 
to Fig. 20. 

In this specific example, soft magnetic yokes 4 ex- 
hibit a triangular wedge sectional form in the radial di- 
rection such that the surface closest to and opposing 
the superconductor 1 is broad and the part on the op- ss 
posite side from the superconductor 1 is narrowed. 
Three slantingly magnetized magnets portions 3 A, 3B, 
3C comprise each annular permanent magnet and each 



take on a trapezoidal cross section and are slantingly 
magnelized as shown in Fig. 20. Consequently, the 
quantity of magnetic fluxes generated from the respec- 
tive annular permanent magnets 3A, 3B. and 3C, and 
guided to the yokes 4 is high when directed toward the 
superconductor. Specifically, since: 1 ) the magnetic flux 
from the north pole of the magnet 3 is directed toward 
the superconductor 1; and 2) the yoke 4 for guiding the 
magnetic flux is formed to have a wedged cross section 
with broad end facing to the superconductor, the amount 
of experienced magnetic flux passing through the space 
on the side of the superconductor becomes higher than 
the quantity passing through the space on the opposite 
side from the superconductor. As a result, the magnetic 
fluxes from the magnets are used more efficiently to en- 
able the improvement of a magnetic field strength with 
respect to the superconductor, thus enabling to provide 
a highly efficient magnetic bearing. 

The ninth specific example of the second embodi- 
ment of the invention will be described with reference to 
Fig. 21. 

In this specific example, as in the case of the spe- 
cific example shown in Fig. 20, soft magnetic yokes 4 
have a triangular wedge radial cross-section in which 
the broad face faces and opposes the stationary super- 
conductor, the part on the opposite side from the super- 
conductor (upper side in the figure) is narrowed. How- 
ever, unlike the specific example shown in Fig. 20, the 
broad face of the yokes 4 which face the superconductor 
1 protrudes in the shape of an arc towards the super- 
conductor as shown in Fig. 21. And, each annular per- 
manent magnet 3 between the yokes 44 consists of 
three slantingly magnetized magnets 3A, 3B, 3C which 
are in a set of 3 and formed to have a trapezoidal section 
in the same way as in the eighth specific example here- 
inabove, so that the annular permanent magnet 3 is 
slantingly magnetized in a curved direction to have the 
innermost and outermost peripheries approached to the 
superconductor and the intermediate part separated 
from the superconductor. Consequently in the same 
way as in the eighth specific example, the magnetic flux- 
es from the annular permanent magnets 3 can be guid- 
ed efficiently toward the superconductor, and a magnet- 
ic path for the magnetic fluxes in the space returning 
from the annular permanent magnets 3 to the supercon- 
ductor 1 can be made short. As a result, permeance of 
the magnet section 2 as a whole can be increased, and 
the magnetic flux density to the superconductor 1 can 
be further improved. 

The tenth specific example of the second embodi- 
ment of the invention will be described hereinbelow with 
reference to Fig. 22 through Fig. 27. 

Fig. 22 is a vertical sectional view showing the main 
part of a superconducting bearing device according to 
this specific example. This superconducting bearing de- 
vice comprises a superconductor 1 mounted on a sta- 
tionary member A which is fixed to the device body and 
a permanent magnet section 2 mounted on a rotating 
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member B which is fixed to a rotating shaft 16, and the 
superconductor 1 and the magnet section 2 are radially 
disposed to oppose each other with a prescribed gap 
therebetween. 

The rotating member B comprises a bottom-closed s 
cylindrical rotor 5 whose bottom is fixed to a rotating 
shaft 16 and the magnet section 2 which is fixed to the 
inner wall of the rotor 5. The magnet section 2 is formed 
in the shape of a hollow cylinder concentric with the shaft 
16 of the rotating member B, and comprises a plurality io 
of circular permanent magnets 8 and a plurality of cir- 
cular soft magnetic yokes 10, stacked in an alternate 
fashion. Each circular permanent magnet 8 is axially 
magnetized with the magnetized direction alternately 
changed. Specifically, each circular permanent magnet 1$ 
8 is magnetized in a direction that the same pole is op- 
posed mutually with the circular yoke 10 between them, 
so that the magnetic fluxes generated from the neigh- 
boring magnets are mutually repulsed, thereby increas- 
ing the magnetic flux density of the magnetic flux direct- 20 
ed from the yoke 1 0 toward the space. 

In the magnet section 2 of this specific example., the 
magnetic flux from the circular permanent magnet 8 
passes through the circular soft magnetic yoke 10 
whose circumferential end is protruded toward the su- 25 
perconductor, so that a magnetic path in the space is 
short. Therefore, in the same way as in the first specific 
example, permeance of the magnet section 2 as a whole 
can be increased, and the magnetic flux density acting 
on the superconductor 1 can be further improved. 30 

When the number of the stacked circular permanent 
magnets 8 and circular soft magnetic yokes 10 is 
changed as desired according to an area opposed to 
the superconductor 1 , the bearing rigidity can be varied 
with the magnet section 8 retained in the optimized 35 
state, and designing flexibility can be increased greatly. 
Thus, since the bearing has its radial rigidity improved 
and a change in magnetic field in the axial direction is 
increased, a force axially applied to the bearing, or a 
loading force of the bearing, can be increased. 40 

As shown in Fig. 23, the circular permanent magnet 
8 of this specific example is configured by connecting a 
plurality of annular permanent magnets 9A, 9B, 9C, 9D 
having a different diameter from inner to outer peripher- 
ies. And, the annular permanent magnets 9A, 9B, 9C, *s 
9D each are configured by connecting eight magnet 
pieces 9a, 9b, 9c, 9d which here are divided equally. 
Junctions between the magnet pieces 9a, 9b, 9c, 9d of 
the neighboring annular permanent magnets 9A, 9B, 
9C, 9D are displaced in the peripheral direction so that so 
the junctions do not align linearly in the radial direction 
or the junctions between the magnet pieces which form 
the each annular permanent magnet do not align with 
those of the neighboring magnet pieces. Thus, the cir- 
cular permanent magnet 8 as a whole is decreased in 55 
an adverse effect due to the nonuniformity in magnetic 
flux caused by the junctions in the above connecting 
configuration. 



More specifically, the axial thickness of each annu- 
lar permanent magnet 9A, 9B, 9C, 9D is determined to 
be same, and the inner and outer circumferences of the 
annular permanent magnet 9A are determined to be a 
prescribed level, and the inner circumferences of the an- 
nular permanent magnets 9B, 9C, 9D positioned on the 
outer periphery of the annular permanent magnet 9A are 
determined to be equal to the outer circumferences of 
the annular permanent magnets 9A, 9B, 9C adjacent to 
their inner peripheries. And, each annular permanent 
magnet 9A, 9B, 9C, 9D is radially divided into plural 
numbers (eight pieces in this example) and formed by 
connecting these magnet pieces 9a, 9b, 9c, 9d which 
have the same shape. These magnet pieces 9a, 9b, 9c, 
9d are formed into the same shape of a collapsible, 
handheld fan spreading towards the bottom of the figure 
as shown in Fig. 24 and magnetized in advance. And, 
these magnet pieces 9a, 9b, 9c, 9d are made of a pow- 
erful anisotropic Pr magnet. 

Fig. 25 shows that the neighboring annular perma- 
nent magnets 9A to 9D are connected as being dis- 
placed in the peripheral direction by approximately 
22. 5o, a half of the division angle of 45o of the magnet 
pieces 9a, 9b, 9c, 9d. Therefore, the junctions between 
the magnet pieces 9a : 9b, 9c, 9d which configure the 
annular permanent magnets 9A, 9B, 9C, 9D are de- 
signed not to align with those of the neighboring magnet 
pieces, so that the nonuniformity in magnetic flux due to 
the junctions between the magnet pieces 9a, 9b, 9c, 9d 
are dispersed uniformly, thereby reducing an adverse 
effect due to the nonuniformity in magnetic flux resulting 
from combined junction areas. 

Also, the junctions between the magnet pieces of 
the above neighboring annular permanent magnets 
may be displaced along a spiral line from the inner to 
outer peripheries. Specifically, as shown in Fig. 26, the 
annular permanent magnets 9A, 9B, 9C. 9D arranged 
in a set of 3 from the inner to outer peripheries may be 
displaced in the peripheral direction by a prescribed an- 
gle. 

Further, the annular permanent magnets may be di- 
vided into smaller pieces from the inner to outer periph- 
eries, and the junctions between the magnet pieces of 
the annular permanent magnets may be displaced so 
as not to align with those of the neighboring magnet 
pieces, thereby reducing the nonuniformity in magnetic 
flux possibly caused by the connecting structure. For ex- 
ample, as shown in Fig. 27, the number of the divided 
magnet pieces 9a, 9b, 9c, 9d which configures the an- 
nular permanent magnets 9A, 9B, 9C, 9D may be in- 
creased toward the annular permanent magnets 9A, 9B, 
9C, 9D at the outer periphery, and the annular perma- 
nent magnets 9A, 9B, 9C, 9D may be connected so as 
not to linearly align in the radial direction the junctions 
between the magnet pieces 9a, 9b, 9c, 9d of the annular 
permanent magnets 9A, 9B, 9C, 9D, thereby configuring 
a single-body circular permanent magnet 8. According- 
ly, the same effects as in the previous specific example 
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can be achieved, and since the circumferential length of 
the annular permanent magnet is increased toward the 
outer periphery, the increase in divided magnet piece 
numbers prevents each magnet piece from being made 
unfeasibly large and facilitates the handling of the mag- 
net pieces, and workability for magnetizing the magnet 
pieces and for assembling into the annular permanent 
magnets can be improved. 

As described above, according to the tenth specific 
example of the invention, in the superconducting bear- 
ing device which is configured by radially connecting the 
multiple annular permanent magnets having a different 
diameter to form a single magnet section and connect- 
ing the radially divided magnet pieces to form each an- 
nular permanent magnet, since the annular permanent 
magnets are displaced to be connected in a prescribed 
rotating direction, the junctions between the magnet 
pieces for configuring the annular permanent magnets 
are not aligned with those of the neighboring magnet 
pieces, so that the adverse effect due to the nonuniform- 
ity in magnetic flux caused by the junctions in the above 
connecting configuration can be reduced. 

The eleventh specific example of the second em- 
bodiment of the invention will be described with refer- 
ence to Fig. 28 through Fig. 31. 

In this specific example, a magnet section 2 com- 
prises a cylindrical permanent magnet 11 which is con- 
centric with the shaft of a rotating member B as shown 
in Fig. 28, and this cylindrical permanent magnet 11 is 
radially magnetized. Specifically, the cylindrical perma- 
nent magnet 11 has its inner periphery magnetized to 
be the north pole and the outer periphery to be the south 
pole as shown in Fig. 29. 

And, the cylindrical permanent magnet 1 1 is formed 
by stacking a plurality of annular permanent magnets 
12 A, 12B, 12C, 12D which are prepared by axially di- 
viding into the same thickness and have the same inner 
and outer diameters, and these annular permanent 
magnets 12 A, 12B, 12C, 12D each are formed by con- 
necting eight equally divided magnet pieces 12a.... And, 
the junctions between the magnet pieces 12a... of the 
annular permanent magnet 12 are displaced so as not 
to align with those of the neighboring magnet pieces, 
thereby reducing the nonuniformity in magnetic flux due 
to the junctions in this connecting configuration. 

These annular permanent magnets 12A, 12B, 12C, 
1 2D have the same inner and outer circumferences and 
axial thickness. And, the annular permanent magnets 
12A, 12B, 12C, 1 2D are radially divided into plural num- 
bers (eight pieces in this example) and formed by con- 
necting the magnet pieces 12a... having the same 
shape as shown in Fig. 30. Each magnet piece 1 2a is 
made of a powerful anisotropic Pr magnet. Specifically, 
the power of a certain magnet is determined by a max- 
imum value of energy product (BH) which the magnet 
can have per unit volume or so-called maximum energy 
product (BH) max. Therefore, it is desired that the resid- 
ual magnetic flux density Br and holding power He of the 



magnet itself are enhanced, and the magnetizing curve 
of the magnet is preferably a curve held within the sec- 
ond quadrant or a demagnetization curve in the shape 
of a square. A magnet having a sharply squared demag- 

5 netization curve is called an anisotropic magnet and one 
having awfully squared demagnetization curve as an iso- 
tropic magnet. 

And, the neighboring annular permanent magnets 
are connected as being displaced by 22. 5o, a half of the 

10 division angle of 45o possessed by the magnet piece 
12a. Therefore, the junctions between the magnet piec- 
es 1 2a which the annular permanent magnets 1 2 A, 1 2B, 
12C, 12D are designed not to align with those of the 
neighboring magnet pieces, and the nonuniformity in 

is magnetic flux due to the junctions between the magnet 
pieces 12a is made to be dispersed uniformly, thereby 
reducing the adverse effect due to the nonuniformity in 
magnetic flux. 

The junctions between the magnet pieces pos- 

20 sessed by the above neighboring annular permanent 
magnet 1 2 may be displaced along the spiral line in the 
longitudinal direction of the shaft of the cylindrical mag- 
net. For example, the annular permanent magnets 12A, 
1 2B, 1 2D which are in a set of 3 along the axial direction 

25 may be displaced by a prescribed angle for configuring 
as shown in Figs. 31 A and 31 B. And, the same effect 
may also be attained by stacking annular permanent 
magnets having a different division number in the axial 
direction. 

30 As described above, according to the eleventh spe- 
cific example, in the superconducting bearing device 
which is configured by axially connecting the multiple 
annular permanent magnets to form a single-body mag- 
net section and connecting the radially divided magnet 

35 pieces to form each annular permanent magnet, since 
the annular permanent magnets are displaced to be 
connected in a prescribed rotating direction, the junc- 
tions between the magnet pieces for configuring the an- 
nular permanent magnets are not aligned with those of 

40 the neighboring magnet pieces, so that the adverse ef- 
fect due to the nonuniformity in magnetic flux caused by 
the junctions in the above connecting configuration can 
be reduced. 

As will be apparent to those ordinarily skilled in the 
45 art, the above specific examples may be combined as 
desired to carry out the design criteria of a particular 
bearing application. Moreover, the techniques of these 
specific examples of the second preferred embodiment 
can also be applied to a single-body bearing device, with 
50 similar effects. Further, although the Pr-Fe-B-Cu mag- 
netic material is used for constructing the magnets in 
the respective specific examples of the second embod- 
iment of the invention, it will be understood to those or- 
dinarily skilled in the art that the base magnet material 
55 js not so limited. In fact, any permanent magnets such 
as ferrite, Alnico, neodymium-based or samarium- 
based may be used. Besides, the superconductor has 
been described using the yttrium high-temperature su- 
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perconductor as an example, but any superconductor 
such as (RE-Ba-Cu-O)-or similar superconductor based 
containing, e.g., rare earth based elements, which can 
have a restoring force against magnets, may be used. 

Description will now be made of the third preferred 
embodiment of the present invention. 

Fig. 32 is a vertical sectional view showing the ac- 
tive bearing components of a superconducting bearing 
device according to the third preferred embodiment of 
the invention. This superconducting bearing device 
comprises a superconductor 1 to be mounted on a sta- 
tionary member A and a magnet section 2 to be mounted 
on a rotating member B in the same way as in the above- 
described examples, and the superconductor 1 and the 
magnet section 2 are disposed to oppose each other 
with a gap therebetween. 

The superconductor 1 is formed by uniformly mixing 
normal conduction particles Y2BalCul into a yttrium 
high-temperature superconductor, e.g., a substrate 
made of YBa2Cu30x, and has a characteristic to re- 
strain the intrusion of magnetic fluxes generated from 
annular permanent magnets 3 to be described herein- 
below The superconductor 1 has its length in a radial 
direction determined to be almost equal to a total of ra- 
dial lengths of the annular permanent magnets 3. 

The superconductor 1 is disposed to oppose the an- 
nular permanent magnets 3 in the axial direction and 
spaced from them so that at a position where a pre- 
scribed quantity of magnetic fluxes from the annular per- 
manent magnets3 permeates the superconductor, and 
the distribution of the permeated magnetic fluxes is not 
varied by the rotation of the rotating member B. 

The rotating member B consists of an annular rotor 
5 and the aforementioned magnet section 2 fixed to the 
rotor 5. The magnet section 2 is coaxial or concentric 
with the central rotating axis 1000 of the rotating mem- 
ber B and has the multiple annular permanent magnets 
3 which are mutually magnetized so that the neighboring 
magnets are repelled in the radial direction, and an an- 
nular soft magnetic yoke member 4 is disposed between 
the respective annular permanent magnets 3. 

In this specific example, the annular permanent 
magnets 3 use, e.g., a Pr-Fe-B-Cu-based permanent 
magnet produced by a hot processing method, and the 
annular soft magnetic member 4 is made of soft malle- 
able iron. In this structure, the magnetic fluxes from the 
north poles of the two annular permanent magnets 3 
pass through the annular soft magnetic members 4 and 
return to the south poles of the annular permanent mag- 
nets 3. Thus, the magnetic fluxes from the annular per- 
manent magnets 3 are narrowed down by the annular 
soft magnetic yoke members 4, so that a magnetic den- 
sity acting on the superconductor 1 can be increased 
substantially. 

This superconducting bearing device has its super- 
conductor 1 cooled with a cooling medium which is cir- 
culating within the cooling case (not shown) to keep it 
in the superconducting state. In the superconducting 



state, the magnetic fluxes from the annular permanent 
magnets 3 of the rotating member B penetrate into the 
superconductor, where the uniformly mixed normal con- 
duction particles make the distribution of the penetrated 
s magnetic flux in the superconductor uniform, and the an - 
nular permanent magnets 3, 3 are rotated by the pinning 
phenomenon described above. 

When the superconducting bearing device has a 
large bearing and a single annular permanent magnet 
io cannot be made, a plurality of permanent magnets are 
connected to form the annular permanent magnets 3. In 
this case, when the annular magnetic member 4 is al- 
ternately disposed with the annular permanent magnets 
3, a large bearing which does not cause the nonuniform- 
's ity in magnetic flux can be produced. 

In this specific example, ring-shaped reinforcing 
members 6 are mounted on the outer periphery of the 
annular permanent magnets 3 to compress them in the 
radial and circumferential directions. The reinforcing 
member 6 is made of a material which has a smaller 
specific gravity and a higher tensile break strength than 
the annular permanent magnets used. 

The third embodiment aims that the ring-shaped re- 
inforcing members 6 for compressing the annular per- 
manent magnets 3 are mounted on their outer periph- 
eries when the rotating member B is not rotating, and 
when the rotating member B is rotated at a high speed, 
a tensile strength applied to the annular permanent 
magnets 3 is reduced as much as possible. Therefore, 
the reinforcing member 6 is made of a material which 
has a smaller specific gravity and a higher tensile break 
strength than the annular permanent magnets 3 in order 
to maintain an adequate compressive force applied to 
the annular permanent magnets 3. In other words, the 
selection of a material having a small specific gravity 
and a high tensile break strength can provide a reinforc- 
ing material which exhibits low elongation and high ri- 
gidity characteristics for the magnets used. This specific 
example uses carbon fiber reinforced plastic (CFRP) as 
the reinforcing member. This CFRP has a density of 1 .6 
[g/cm3], Poisson's ratio of 0.3, and Young's modulus of 
1 .72 x 1011 Pa]), while the Pr magnet in this specific ex- 
ample has a density of 7.4 [g/cm3], Poisson's ratio of 
0.24, and Young's modulus of 1.34 x1011 Pa]). 

As described above, the compressive forces of the 
reinforcing member 6 in the radial and circumferential 
directions of the annular permanent magnets 3 are re- 
quired to be 100 Kg/mm2 or below when the rotating 
member B is not rotating because the magnets are more 
easily broken by a compression stress when the com- 
pressive force exceeds 100 Kg/mm2. In other words, the 
static compressive forces by the reinforcing member 6 
in the radial and circumferential directions of the annular 
permanent magnets 3, 3 are determined to be smaller 
than the compressing break stress of the magnets. 

Moreover, this specific example features the rein- 
forcing member 6 disposed in a m u It i layered structure. 
When the reinforcing members 6 are multilayered, each 



25 



30 



35 



40 



45 



SO 



18 



BNSDOCID: <EP 0728956A1 J_> 



35 



EP 0 728 956 A1 



36 



reinforcing member 6 can be mounted with a less inter- 
ference, so that the distribution of compression stress 
against the magnets can be made more uniform. When 
the distribution of compression stress against the mag- 
nets is roughly made uniform, the deviated application s 
of a compression stress can be avoided. Thus, since the 
compression stress is uniformly applied, the breakage 
of the rotating magnets due to the lack of the compres- 
sion stress to be applied can be prevented, and the safe- 
ty and reliability of the device can be improved. w 

As described above, this specific example uses 
CFRP for the reinforcing member 6 fitted to the annular 
permanent magnets while compressing in their radial 
and circumferential directions, thereby forming the ring- 
shaped reinforcing member 6 on the outer periphery of is 
the magnet section 2. As described above, the static 
compressive force in this specific example is deter- 
mined to be 100 Kg/mm2 or below when the rotating 
member B is not rotating. 

Fig. 33 shows another specific example of the third 20 
embodiment of the invention. In this example, reinforc- 
ing members 6 are mounted in the multilayered struc- 
ture in the same way as the above example, and the 
axial thickness of each reinforcing member 6 is larger 
than that of magnets 3. In Fig. 33, the vertical width of 2$ 
the reinforcing member 6 is determined to be larger than 
that of the magnet 3. Since the reinforcing material is 
thick in the axial direction, its thickness in the radial di- 
rection can be reduced, so that reinforcing can be sta- 
bilized against wobbling and axial displacement at high 30 
speed, and overall durability of the apparatus improved. 
Reference numeral 18 designates a preferably magnet- 
ically neutral intermediate member for correcting an in- 
terval difference between the magnet 3 and the reinforc- 
ing member 6. 35 

Fig. 34 shows another specific example of the third 
embodiment of the invention. In this example, reinforc- 
ing members 6 are mounted in the multilayered struc- 
ture in the same way as in the above specific example, 
and a ring-shaped member 7 having a smaller Young's 40 
modulus than the reinforcing member is mounted on the 
inner periphery of each reinforcing member 6. This 
member 7 is made of a material such as aluminum hav- 
ing a small Young's modulus, so that a compressive 
force which is applied to the magnets by the reinforcing «5 
member 6 is adjusted to be applied uniformly to the ra- 
dial peripheries of each permanent magnet. 

As will be described below with reference to a spe- 
cific example, in a method specifying that the reinforcing 
member 6 is previously formed in the shape of a ring so 
and then is forced to be fitted to the outer periphery of 
the annular permanent magnet, when the ring-shaped 
member 7 has been mounted : the ring-shaped reinforc- 
ing member can be fitted easily. 

Fig. 35 through Fig. 38 show the results of analysis ss 
conducted by the inventors on radial and circumferential 
stress distribution along different parts of the rotating 
member B as shown in Fig. 34 when it is stationary and 



rotated at 40,000 rpm. 

Fig. 35 shows a circumferential stress distribution 
when the rotating member B is stationary with respect 
to each position in the radial direction from the center of 
the magnet section 2 on the horizontal axis. In Fig. 35, 
the outer periphery of the annular rotor 5 extends to 
about 50 mm on the horizontal axis, the magnet section 
2 extends to about 90 mm, and the four-layered rein- 
forcing members 6 extend beyond the 90mm mark. Fig. 
36 shows radial stress distribution when the rotating 
member B is stationary with respect to each position in 
the radial direction on the same horizontal axis shown 
in Fig. 35. And, Figs. 37 and 38 respectively show cir- 
cumferential and radial stress distribution when the ro- 
tating member B is rotating at 40,000 rpm. 

Thus, rt was confirmed that when the compressive 
force is previously applied to the magnets when not ro- 
tating by the reinforcing member, even when the annular 
permanent magnet has a radius of exceeding 50 mm, 
no break is caused in this specific example at 10,000 
rpm where tensile break is generally caused due to cen- 
trifugal force, and the compressive force is still effective 
on the magnets even when rotated at 40,000 rpm. 
These advantages are quite remarkable over the art. 
Specifically, in a conventional reinforcing structure 
which uses an iron member to form a frame to house 
the magnets to protect them from centrifugal force when 
rotated, the iron frame itself is externally expanded due 
to centrifugal force when rotated exceeding 10,000 rpm, 
instantly losing an effect of protecting the magnets from 
deformation and displacement. In the present specific 
example, the same magnets are used but the reinforcing 
member 6 made of the aforementioned CFRP is used 
instead of the iron frame, enabling to increase the rotat- 
ing speed from 1 0,000 to 40,000 rpm. In this connection, 
it is seen that the structure, operation and effect of this 
specific example are quite excellent in view of the fact • 
that the centrifugal force applied to the magnets is pro- 
portional to the square of the radius. 

Fig. 39 through Fig. 41 illustrate another specific ex- 
ample of the third embodiment of the invention, in which 
reinforcing members 6 are mounted in the multilayered 
structure in the same way as in the above specific ex- 
ample, and a ring-shaped member 7 having a smaller 
Young's modulus than the reinforcing member is mount- 
ed on the inner periphery of each reinforcing member 6. 

As shown in Fig. 39, this specific example mounts 
the ring-shaped member 7 on the outer periphery of the 
magnet. This member 7 has its back side protruded in 
the axial direction, and this protruded part has an in- 
clined face 7a formed to make the radius increase from 
the protruded circumferential end and to serve as a 
guide when the reinforcing member is inserted. In the 
drawing, reference numeral 1 7 designates a jig for rein- 
forcing the protruded part of the ring-shaped member 7. 

In this specific example, the ring-shaped reinforcing 
member 6 made of the CFRP is previously formed, while 
the magnet section 2 is formed by assembling annular 
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permanent magnets 3. Next, the ring-shaped member 
7 ancUhe jig 17 are mounted on the outer periphery of 
the annular permanent magnets 3, and the ring-shaped 
reinforcing member is force or frictionally fitted to the 
outer periphery of the member 7. When the reinforcing s 
member 6 is force fitted, it can be inserted easily by vir- 
tue of the inclined face 7a formed on the ring-shaped 
member 7 which serves as a guide. 

After mounting one reinforcing member 6, the jig 1 7 
is removed, and the protruded part of the ring-shaped 10 
member 7 is removed to be level with the magnet and 
the reinforcing member Then, as shown in Fig. 40, an- 
other ring-shaped member 7 and another jig 17 are 
mounted on the outer periphery of the reinforcing mem- 
ber 6, and another ring-shaped reinforcing member is is 
force fitted to the outer periphery of the member 7. In 
the same way as above, when the reinforcing member 
6 is force fitted, it can be inserted easily by virtue of the 
inclined face 7a formed on the ring-shaped member 7 
which serves as a guide. After mounting the reinforcing 20 
member 6, in the same way as above, the protruded part 
of the ring-shaped member 7 is removed to be level with 
the magnet and the reinforcing member. Then, another 
ring-shaped member and another jig are also mounted 
on the outer periphery of the reinforcing member 6, and 2s 
another ring-shaped reinforcing member is force fitted. 

Thus, rotating member B which has a set of the ring- 
shaped member 7 and the reinforcing member 6 mount- 
ed in multiple numbers is obtained as shown in Fig. 41 . 
In the drawing, reference numeral 14 designates a non- so 
magnetic warp preventing member which serves to pre- 
vent the annular permanent magnets 3, 3 from being 
deformed due to warping caused by repulsion in con- 
nection with a superconductor 1 . 

In this specific example, when the reinforcing mem- 35 
ber 6 is force fitted, the static compressive force in the 
radial and circumferential directions of the annular per- 
manent magnets is also determined in the same way as 
above to be 100 Kg/mm2 or below. Further, as shown 
in the drawing and discussed hereinabove, the set of 40 
the ring-shaped member 7 and the reinforcing member 
6 is mounted in the multi layered structure as necessary. 
When the ring-shaped member 7 is used, a prescribed 
size of forced-fitting allowance can be secured precisely 
when the ring-shaped reinforcing member 6 is mounted, 45 
and the stress distribution of a given load can be ob- 
tained correctly. Therefore, even when the forced-fitting 
allowance is large, the reinforcing member 6 can force 
fitted in a stable manner, stress due to the reinforcing 
member may be adjusted, and a correct stress distribu- so 
tion can be attained, so that a reinforcing member hav- 
ing a high compressive force can be used. Accordingly, 
the magnets can be protected from being broken when 
rotated, and the rotating member B can be rotated at a 
high speed. ss 

As described above, according to the respective 
specific examples of the third embodiment of the inven- 
tion, the axial loading force by the annular permanent 



magnet 3 can be increased by increasing the multilay- 
ered number of the annular permanent magnets, and 
even when the radius is increased because of the in- 
creased layers of annular permanent magnets, the pres- 
ence of the reinforcing members for applying a com- 
pressive force to the magnets prevents the magnets 
from being broken due to a critical tensile force. Thus, 
this specific example provides an optimum structure for 
a superconducting bearing device for an electric power 
storage system which rotates a heavy flywheel at a high 
speed to store an electric power by the rotating energy. 
Therefore, it is the most preferred embodiment for such 
applications. 

Although the Pr-Fe-B-Cu magnet is used as the 
magnets in the respective specific examples, it is to be 
understood that the third embodiment is not limited to it, 
and any permanent magnets such as ferrite, Alnico, 
neodymium-based or samarium-based may be used. 
Also, the superconductor has been described using the 
yttrium high-temperature superconductor as an exam- 
ple, but any rare earth superconductor such as (RE-Ba- 
Cu-0)-based which can have a restoring force against 
the magnets, may be used. 

In these specific examples of the third preferred em- 
bodiment, the compressive force by the reinforcing 
member 6 is determined to be 100 Kg/mm2 or below 
when the rotating member B is stationary, but an ordi- 
nary skill should realize that the invention is not so lim- 
ited, and one can apply any compressive force which 
does not exceed the compressing break stress of a par- 
ticular magnet used. And, as the reinforcing member 6 
for the magnets, for example, glass fiber reinforced plas- 
tic (GFRP) may be used other than the GFRP, and ma- 
terials having a smaller specific gravity and a higher ten- 
sile break strength than a magnet used can be used. 

Description will now be made of the fourth embod- 
iment of the invention. 

Fig. 42 is a vertical sectional view of the main part 
of a superconducting bearing device according to the 
fourth embodiment of the invention. This superconduct- 
ing bearing device comprises a superconductor 1 to be 
mounted on a stationary member A and a magnet sec- 
tion 2 to be mounted on a rotating member B, and the 
superconductor 1 and the magnet section 2 are dis- 
posed to oppose each other with a gap therebetween in 
the same way as in the above-described examples. 

The superconductor 1 is formed by uniformly mixing 
normal conduction particles Y2Ba1Cu1 into a yttrium 
high -temperature superconductor, e.g., a substrate 
made of YBa2Cu30x, and has a characteristic to re- 
strain the intrusion of magnetic fluxes generated from 
annular permanent magnets 3 to be described herein- 
below. The superconductor 1 has its length in a radial 
direction determined to be almost equal to a total of ra- 
dial lengths of the annular permanent magnets 3. 

The superconductor 1 is disposed to oppose the an- 
nular permanent magnets 3 in the axial direction and 
spaced from them so that at a position where a pre- 
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scribed quantity of magnetic fluxes from the annular per- 
manent magnets 3 permeates, the distribution of the 
permeated magnetic flux is not varied by the rotation of 
the rotating member B. 

The rotating member B consists of an annular rotor s 
5 and the aforementioned magnet section 2 fixed to the 
rotor 5. The magnet section 2 is coaxial with the axis of 
the rotating member B and has the multiple annular per- 
manent magnets 3, 3 which are mutually magnetized so 
that the neighboring magnets are repelled in the radial 10 
direction, and an annular magnetic yoke member 4 is 
disposed between the respective annular permanent 
magnets 3. 

In this specific example, the annular permanent 
magnets 3, 3 use e.g., a Pr-Fe-B-Cu-based permanent is 
magnet produced by a hot processing method, and the 
annular magnetic yoke member 4 is made of soft, mal- 
leable iron. As described above, in this structure, the 
magnetic fluxes from the north poles of the two annular 
permanent magnets 3 pass through the annular mag- 20 
netic members 4 and return to the south poles of the 
annular permanent magnets 3. Thus, the magnetic flux- 
es from the annular permanent magnets 3 are narrowed 
down by the annular magnetic yoke members 4, so that 
a magnetic density acting on the superconductor 1 can 25 
be increased substantially. 

This superconducting bearing device has its super- 
conductor 1 cooled with a cooling medium which is cir- 
culating within a cooling case (not shown) to keep it in 
the superconducting state in the same way as described 30 
above. In the superconducting state, the magnetic flux- 
es from the annular permanent magnets 3 of the rotating 
member B penetrate to selectively pass through the uni- 
formly mixed normal conduction particles in the super- 
conductor and are fixed in the intrusion path by a super- 35 
conducting current passing around the penetrated mag- 
netic fluxes, thereby inducing the pinning phenomenon. 

When the superconducting bearing device has a 
large bearing and a single-body annular permanent 
magnet cannot be made, a plurality of permanent mag- *o 
nets are connected to form the annular permanent mag- 
nets 3. (n this case, when the annular magnetic yoke 
members 4 and the annular permanent magnets 3 are 
alternately disposed, a large bearing which does not 
cause the nonuniformity in magnetic flux can be pro- 45 
duced. 

In this specific example, ring-shaped reinforcing 
members 6 are mounted on the outer periphery of the 
annular permanent magnets 3 to compress them in the 
radial and circumferential directions. The reinforcing so 
member 6 is made of a material which has a smaller 
specific gravity and a higher tensile break strength than 
the annular permanent magnets used. 

Specifically, in the same way as in the third embod- 
iment of the invention, the fourth embodiment aims that ss 
the ring-shaped reinforcing members 6 for compressing 
the annular permanent magnets 3 are mounted on their 
outer peripheries when the rotating member B is not ro- 



tating, and when the rotating member B is rotated at a 
high speed, the tensile strength applied to the annular 
permanent magnets 3, 3 is reduced as much as possi- 
ble. Therefore, the reinforcing member 6 is made of a 
material which has a smaller specific gravity and a high- 
er tensile break strength than the annular permanent 
magnets 3 in order to retain a compressive force applied 
to the annular permanent magnets 3 as much as possi- 
ble. In the same way as in the above specific example, 
this specific example uses carbon fiber reinforced plas- 
tic (CFRP) as the reinforcing member. The used CFRP 
has a density of 1 .6 [g/cm3], Poisson's ratio of 0.3, and 
Young's modulus of 1 .72 x1011Pa, while the Pr magnet 
in this specific example has a density of 7.4 [g/cm3], 
Poisson's ratio of 0.24, and Young's modulus of 1.34 
x1011Pa. 

And, this specific example also has the reinforcing 
member 6 disposed in a multi layered structure dis- 
cussed hereinabove with respect to the third preferred 
embodiment. Further, member 6 can be mounted with 
a less interference, so that the distribution of compres- 
sion stress against the magnets can be made uniform. 
When the distribution of compression stress against the 
magnets is made uniform, the deviated application of a 
compression stress can be avoided. Thus, since the 
compression stress is uniformly applied, the breakage 
of the rotating magnets due to the lack of the compres- 
sion stress to be applied can be prevented, and the safe- 
ty and reliability of the device can be improved. 

As described above, this specific example uses the 
CFRP for the reinforcing member 6. and to fit the CFRP. 
the first alternative method would entail winding it 
around the annular permanent magnets while com- 
pressing in their radial and circumferential directions, 
thereby forming the ring-shaped reinforcing member 6 
on the outer periphery of the magnet section 2. The sec- 
ond alternative method previously forms the ring- 
shaped reinforcing member 6 and fits it onto the outer 
periphery of the magnet section 2. In both methods, the 
compression stress is set to be 100 Kg/cm 2 or below, 
as described hereinabove. 

Now, further, a ring-shaped member 7 having a 
smaller Young's modulus than the reinforcing member 
6 is mounted on the inner periphery of each reinforcing 
member 6. This member 7 is made of a material such 
as aluminum having a small Young's modulus, so that a 
compressive force which is applied to the magnets by 
the reinforcing member 6 is adjusted to be applied uni- 
formly to the periphery. 

In case of adopting the method that the reinforcing 
member 6 is previously formed in the shape of a ring 
then is forced to be fitted to the outer periphery of the 
annular permanent magnet, when the ring-shaped 
member 7 is provided with a tapered protrusion for guid- 
ing, the ring-shaped reinforcing member 6 can be fitted 
easily. In this case, the tapered part is removed after 
mounting the reinforcing member 6. 

In the fourth preferred embodiment of the invention, 
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a wedge ring 21 for compressing the annular permanent 
m magnejts 3, 3 in the radial and circumferential directions 
is fitted to the rotating member B. In the specific example 
shown in Fig. 42, the wedge ring 21 is forced in between 
the magnet section 2 and the reinforcing member 6. In 5 
this specific example, the wedge ring 21 is forced in after 
previously fitting a guide ring 24 which has a tapered 
inner periphery to the inner periphery of the reinforcing 
member 6. Specifically, the wedge ring 21 is forced in 
with its thin side first between the annular magnetic 10 
member 4 fitted to the outer periphery of the outermost 
annular permanent magnet 3 and the guide ring 24. 
Since the wedge ring 21 has its outer periphery tapered 
in a cross-sectional shape, the previous fitting of the 
guide ring 24 having the tapered inner periphery pro- is 
vides a gap between the annular magnetic member 4 
and the guide ring 24, and the wedge ring 21 is inserted 
into the gap. 

Since the guide ring 24 receives the forced-in 
wedge ring 21 by its inner periphery, it is preferable to 20 
use a plastically deformable material for it, namely a 
non-breakable material, e.g., a very elastic material 
such as special aluminum alloy, titanium alloy, or CFRR 

And, since the wedge ring 21 is fitted with both the 
tapered surfaces of the wedge ring and the guide ring 2s 
slidably contacted, the wedge angle is preferably small 
so that a stress is radially applied without much resist- 
ance when the wedge ring 21 is forced in. 

Thus, the rotating member B is provided with the 
wedge ring 21 for compressing the annular permanent 30 
magnets 3 in the radial and circumferential directions, 
so that the intrinsic compressing action of the reinforcing 
member 6 is supplemented by the wedge ring 21 . 

In Fig. 43 : the wedge ring 21 comprises a guiding 
wedge ring 22 and an inserting wedge ring 23 which is 35 
larger than the guiding wedge ring 22, both initially being 
connected. Specifically, the guiding wedge ring 22 and 
the inserting wedge ring 23 are directly connected to 
each other to form one wedge ring 21 . the guiding 
wedge ring 22 is previously forced in between the an- 40 
nular magnetic member 4 and the guide ring 24 as 
shown in Fig. 44, and the guiding wedge ring 22 is 
pushed out by the inserting wedge ring 23 which forces 
to insert the inserting wedge ring 23 between the annu- 
lar magnetic member 4 and the guide ring 24. The guid- 45 
ing wedge ring 22 and the inserting wedge ring 23 are 
made of the same type of material such as iron or stain- 
less steel. 

The guiding wedge ring 22 and the inserting wedge 
ring 23 are mutually connected by means of their recess so 
and projection, and when the inserting wedge ring 23 is 
forced in between the annular magnetic member 4 and 
the guide ring 24, a projection 23a protruded from the 
surface of the rotating member B is removed. 

In this specific example, the wedge ring 21 is formed ss 
by directly connecting the guiding wedge ring 22 and the 
inserting wedge ring 23 which is larger than the wedge 
ring 22, and after previously forcing in the guiding wedge 



ring 22, the guiding wedge ring 22 is pushed out by the 
inserting wedge ring 23 which forces to insert the insert- 
ing wedge ring 23 between the annular magnetic mem- 
ber 4 and the reinforcing member 6 (with the guide ring 
24 next to the reinforcing member 6 in this specific ex- 
ample)rTherefore, the wedge's slant angle can be made 
small, a stress by the forced insertion can be radially 
applied without much resistance to facilitate the forced 
insertion, and when an appropriate number of wedge 
rings are directly connected and inserted, a desired 
compressive force can be attained 

The specific example shown in Fig. 45 shows a su- 
perconducting bearing device which comprises a super- 
conductor 1 to be mounted on a stationary member A 
and a magnet section 2 to be mounted on a rotating 
member B in the same way as in the above-described 
examples, and the superconductor 1 and the magnet 
section 2 are disposed to oppose each other with a gap 
therebetween. The magnet section 2 is formed by fitting 
annular permanent magnets 3 which are concentric with 
the axis of the rotating member B, and an annular soft 
magnetic yoke member 4 which has the shape of a ring 
is disposed between the respective annular permanent 
magnets 3. A ring-shaped reinforcing member 6 made 
of carbon fiber reinforced plastic (CFRP) is mounted on 
the outer periphery of the magnet section 2, and a 
wedge ring 21 is forced in between the magnet section 
2 and the reinforcing member 6. In this specific example, 
the wedge ring 21 is forced in from the side opposite 
from the previous specific example. Also, in this specific 
example, the wedge's tapered angle can also be made 
small to facilitate the forced insertion, and when an ap- 
propriate number of wedge rings are connected and in- 
serted, a desired compressive force can be attained. 

As described above, according to the respective 
specific examples of the fourth embodiment of the in- 
vention, the axial loading force by the annular perma- 
nent magnet 6 can be increased by increasing the 
number of the annular permanent magnet layers, and 
even when the radius is increased because of the in- 
crease of the layer of the multilayered annular perma- 
nent magnets, the presence of the reinforcing members 
for applying a compressive force to the magnets and the 
supporting wedge ring prevents the magnets from being 
broken due to a critical tensile force. 

Although the Pr-Fe-B-Cu magnet is used as the 
magnets in the respective specific examples, it is to be 
understood that the fourth embodiment is not limited to 
it, and any permanent magnets such as ferrite : Alnico, 
neodymium-based or samarium-based may be used. 
Besides, the superconductor has been described using 
the yttrium high-temperature superconductor as an ex- 
ample, but any rare-earth superconductor such as (RE- 
Ba-Cu-0)-based materials, which can have a restoring 
force against magnets, may be used. 

Further, in the specific example, the winding com- 
pressive force by the reinforcing member 6 is deter- 
mined to be 100 Kg/mm2 or below when the rotating 



22 



BNSDOCID: <EP 072B9S6A1_I_> 



43 



EP 0 728 956 A1 



44 



member B is not rotating, an ordinary skill will recognize 
that the fourth embodiment or the invention itself is not 
fimited, and one can apply a compressive force which 
does not exceed the compressing break stress of the 
particular permanent magnet material used. And, as the 
reinforcing member 6 for the magnets, for example, 
glass fiber reinforced plastic (GFRP) may be used other 
than the CFRP, and materials having a smaller specific 
gravity and a higher tensile break strength than a mag- 
net used can be used. 

In the respective specific examples, the wedge ring 
21 is forced in between the magnet section 2 and the 
reinforcing member 6, but the fourth embodiment of the 
invention is not particularly so limited, and a single or a 
plurality of wedge rings 21 may be fitted between the 
annular permanent magnets 3 and between the rein- 
forcing members 6. 

While the invention has been described in conjunc- 
tion with several specific embodiments, it is evident to 
those skilled in the art that many further alternatives, 
modifications and variations will be apparent in light of 
the foregoing description. Thus, the invention described 
herein is intended to embrace all such alternatives, 
modifications, applications and variations as may fall 
within the scope of the appended claims. 



Claims 

1 . A superconducting bearing device, comprising: 

a superconductor (1) mounted on a stationary 
member(A); and 

an opposing magnet section(2) mounted on a 
rotating member(B) spaced a gap distance 
away from said superconductor, said magnet 
section comprising: 

first and second annular permanent magnets 
(3) arranged concentrically about a central axis 
of rotation of said rotating member; and 
a malleable magnetic yoke member (4) radially 
interposing said annular permanent magnets, 
said yoke member engaging a radial outer joint 
surface of said first permanent magnet and a 
radial inner joint surface of said second perma- 
nent magnet, said joint surfaces being oriented 
oblique to the central axis of rotation of said ro- 
tating member. 

2. The superconducting bearing device of Claim 1, 
wherein said joint surfaces are curved and bowed 
radially outwardly from the central axis of rotation 
of said rotating member. 

3. The superconducting bearing device of Claim 2, 
wherein: 

said radial outer joint surface of said first per- 



manent magnet is convex relative to the central 
axis of rotation of said rotating member; 
wherein said radial inner joint surface of said 
second permanent magnet is concave relative 
5 to the central axis of rotation of said rotating 

.member; and 

wherein said yoke member engages said radial 
outer joint surlace of said first permanent mag- 
net at a concave surface thereof relative to the 
w central axis of rotation of said rotating member 

and engages said radial inner joint surface of 
said second permanent magnet at a convex 
surface thereof relative to the central axis of ro- 
tation of said rotating member. 

is 

4. The superconducting bearing device of Claim 1, 
wherein said joint surfaces are slanted parallel to 
an insertion direction of said magnet and yoke 
members relative to the central axis of rotation of 

20 said rotating member. 

5. The superconducting bearing device as claimed in 
any one of the preceding claims wherein said first 
and second permanent magnets each comprise a 

25 closed loop of arcuate magnet pieces interconnect- 
ed at evenly-spaced circumferential junction inter- 
vals disposed within each respective permanent 
magnet. 

30 6. The superconducting bearing device of Claim 5, 
wherein the circumferential junction intervals of the 
first permanent magnet are unaligned with the cir- 
cumferential junction intervals of the second perma- 
nent magnet to dissipate nonuniform magnetic flux 

35 densities experienced at said junction intervals 
throughout said magnet section. 

7. The superconducting bearing device of Claim 6, 
wherein the circumferential junction intervals of the 

40 first permanent magnet are circumferentially stag- 
gered relative to the circumferential junction inter- 
vals of the second permanent magnet. 

8. The superconducting bearing device of Claim 6, 
45 wherein the respective numbers of circumferential 

junction intervals in each said first and second per- 
manent magnets are equal. 

9. The superconducting bearing device of Claim 6, 
so wherein the number of circumferential junction in- 
tervals in said first permanent magnet differs from 
the number of circumferential junction intervals in 
said second permanent magnet. 

55 10. A superconducting bearing device, comprising: 

a superconductor (1) mounted on a stationary 
member(A); and 
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an magnet section(2) mounted on a rotating 
member(B) opposing, said superconductor, 
said magnet section comprising: 
first and second annular permanent magnets 
(3) arranged concentrically about a central axis 
of rotation of said rotating member and axially 
spaced a first gap distance from said supercon- 
ductor; and 

a malleable magnetic yoke member (4) radially 
interposing said annular permanent magnets 
and including an extensible portion protruding 
towards and axially spaced a second gap dis- 
tance from said superconductor smaller than 
the first gap distance. 

11. The superconducting bearing device of Claim 10, 
wherein said extensible portion terminates in an ax- 
ially rounded shape to concentrate magnetic flux 
generated by said magnet section and transfer the 
concentrated magnetic flux to said superconductor. 

12. The superconducting bearing device of Claim 10, 
wherein said extensible portion terminates in an ax- 
ially chamfered shape to concentrate magnetic flux 
generated by said magnet section and transfer the 
concentrated magnetic flux to said superconductor. 

13. The superconducting bearing device as claimed in 
any one of claims 10 to 12, wherein said first and 
second permanent magnets are radially curled 
magnetized to concentrate magnetic flux along said 
extensible portion of said yoke member. 

14. A superconducting bearing device, comprising: 

a superconductor (1) mounted on a stationary 
member (A); and 

an magnet section (2) mounted on a rotating 
member (3) opposing said superconductor, 
said magnet section comprising: 
first and second annular permanent magnets 
(3) arranged concentrically about a central axis 
of rotation of said rotating member and axially 
spaced a first gap distance from said supercon- 
ductor; and 

an axially wedge-shaped magnetic yoke mem- 
ber (4) radially interposing said annular perma- 
nent magnets. 

15. The superconducting bearing device of Claim 1 4, 
wherein said wedge-shaped magnetic yoke in- 
cludes first and second surfaces radially engaging 
said first and second annular permanent magnets 
respectively and a third surface facing said super- 
conductor. 

16. The superconducting bearing device of Claim 15, 
wherein said third surface of said wedge-shaped 



magnetic yoke extends from a superconductor op- 
posing face of said magnet section towards the su- 
perconductor terminating in an axially curved exten- 
sible portion axially spaced at least a second gap 
s distance from said superconductor, wherein said 

second gap distance is smaller than said first gap 
distance. 

17. The superconducting bearing device of Claim 10 or 
io 14, wherein said first permanent magnet further 
comprises: 

a radially inner permanent magnet axially slant- 
ingly magnetized away from said superconduc- 
15 tor; and 

a radially outer permanent magnet axially slant- 
ingly magnetized towards said superconductor 
to direct and concentrate magnetic flux along 
said extensible portion of said yoke member or 
20 engaging said first surface of said wedge- 

shaped yoke to direct and concentrate magnet- 
ic flux along said third surface of said wedge- 
shaped yoke member. 

25 18. The superconducting bearing device of Claim 17, 
wherein said first permanent magnet further com- 
prises a intermediate permanent magnet radially in- 
terposing said inner and outer permanent magnets 
and axially slantingly magnetized parallel tosaid su- 
30 perconductor. 

19. The superconducting bearing device as claimed in 
any one of claims 10, 14, 17 or 18, wherein said 
second permanent magnet further comprises: 

35 

a radially inner permanent magnet axially slant- 
ingly magnetized towards said superconductor; 
and 

a radially outer permanent magnet axially slant- 
40 ingly magnetized away from said superconduc- 

tor to direct and concentrate magnetic flux 
along said extensible portion of said yoke mem- 
ber or said third surface of said wedge-shaped 
yoke member. 

45 

20. The superconducting bearing device of Claim 19, 
wherein said second permanent magnet further 
comprises a intermediate permanent magnet radi- 
ally interposing said inner and outer permanent 

so magnets and axially slantingly magnetized parallel 
to said superconductor. 

21. A superconducting bearing device, comprising: 



55 a superconductor (1) mounted on a stationary 

member (A); and 

an opposing magnet section (2) mounted on a 
rotating member (B) spaced a gap distance 
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away from said superconductor, said magnet 
t section comprising: 

inner and outer annular permanent magnets (3) 
arranged concentrically about a central axis of 
rotation of said rotating member; 
a malleable magnetic yoke member (4) radially 
interposing said inner and outer annular perma- 
nent magnets; and 

an annular reinforcing member (6) concentri- 
cally circumscribing said inner and outer annu- 
lar permanent magnets and said yoke member 
for radially and circumferentially compressing 
each said annular permanent magnets and 
said yoke member and preventing axial dis- 
placement thereof at high rotational speeds. 

22. The superconducting bearing device of Claim 21, 
wherein said annular reinforcing member compris- 
es a magnetically-neutral material having a smaller 
specific gravity and higher tensile strength than a 
magnetic material comprising the inner and outer 
annular permanent magnets. 



an opposing magnet section (2) mounted on a 
rotating member (B) spaced a gap distance 
away from said superconductor, said magnet 
section comprising: 

upper and lower annular permanent magnets 
*(3) arranged cylindrically about a central axis 
of rotation of said rotating member, wherein 
said upper and lower annular permanent mag- 
nets each comprise a closed loop of arcuate 
magnet pieces interconnected at evenly- 
spaced circumferential junction intervals dis- 
posed within each respective permanent mag- 
net. 

28. The superconducting bearing device of Claim 26 or 
27, wherein the circumferential junction intervals of 
the inner or upper annular permanent magnet are 
unaligned with the circumferential junction intervals 
of the outer or lower annular permanent magnet to 
dissipate nonuniform magnetic flux densities expe- 
rienced at said junction intervals throughout said 
magnet section. 



10 
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23. The superconducting bearing device of Claim 21 or 
22, wherein 

said inner and outer annular permanent mag- 
nets each have a first axial thickness; and 
wherein said reinforcing member has a second 
axial thickness larger than said first axial thick- 
ness to increase rotational stability of said mag- 
net section. 

24. The superconducting bearing device as claimed in 
any one of claims 21 to 22, further comprising a 
magnetically-neutral annular wedge interposing 
said outer annular permanent magnet and said an- 
nular reinforcing member to impart additional radial 
and circumferential force against said annular per- 
manent magnets and said yoke member. 

25. The superconducting bearing device as claimed in 
any one of claims 21 to 24, wherein said annular 
reinforcing member comprises a plurality of con- 
centrically arranged annular reinforcing members. 



29. The superconducting bearing device of Claim 28, 
wherein the circumferential junction intervals of the 
inner annular permanent magnet are circumferen- 
tially staggered relative to the circumferential junc- 
tion intervals of the outer annular permanent mag- 
net or the circumferential junction intervals of the 
upper annular permanent magnet are axially stag- 
gered relative to the circumferential junction inter- 
vals of the inner annular permanent magnet. 

30. The superconducting bearing device of Claim 28, 
wherein the respective numbers of circumferential 
junction intervals in each said inner and outer or up- 
per and lower annular permanent magnets are 
equal. 

31. The superconducting bearing device of Claim 28, 
wherein the number of circumferential junction in- 
tervals in said inner or upper annular permanent 
magnet differs from the number of circumferential 
junction intervals in said outer or lower annular per- 
manent magnet. 
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26. The superconducting bearing device of Claim as 
claimed in any one of claims 21 to 24, wherein said 
inner and outer annular permanent magnets each 
comprise a closed loop of arcuate magnet pieces so 
interconnected at evenly-spaced circumferential 
junction intervals disposed within each respective 
permanent magnet. 

27. A superconducting bearing device, comprising: ss 

a superconductor (1) mounted on a stationary 
member (A); and 



32. A method for producing a magnetic rotatable mem- 
ber for use in a superconducting bearing device, 
comprising the steps of: 

providing a first annular permanent magnet and 
a malleable, annular magnetic yoke member 
rotatable about a central axis, the first perma- 
nent magnet having an axial width and an outer 
surface of a diameter slightly larger than a di- 
ameter of an inner surface of the yoke member; 
axially pivoting the yoke member 90o relative 
to the first permanent magnet and the central 
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axis; 

, applying external pressure to the yoke member 
for compressibly deforming the yoke member 
into an ellipsoid defining a major axis and minor 
axis relative to the inner surface thereof, where- 5 
in the major axis of the deformed yoke member 
exceeds the diameter of outer surface of the 
first permanent magnet and the minor axis of 
the deformed yoke member exceeds the axial 
width of the first permanent magnet; 10 
positioning the deformed yoke member such 
that it circumscribes the outer surface of the 
first permanent magnet 
releasing the external pressure applied to the 
deformed yoke member to force the inner sur- is 
face of the yoke member to engage the outer 
surface of the first permanent magnet; and 
pivoting the yoke member 90o to align axially 
with the first permanent magnet to form a con- 
centric magnetic section. 20 

33. The method of Claim 32, further com prising the step 
of force fitting a second annular permanent magnet 
circumferentiatly around the concentric magnetic 
section. 25 



34. The method of Claim 33, further comprising apply- 
ing a reinforcing member having a lower specific 
gravity and higher tensile strength than the first and 
second permanent magnets to an outer periphery 30 
of said second permanent magnet for radially and 
circumferentially compressing each said perma- 
nent magnets and said yoke member and prevent- 
ing axial displacement thereof at high rotational 
speeds. 35 



35. The method of Claim 34, further comprising the step 
of forcing a wedge ring between the second perma- 
nent magnet and the circumscribing reinforcing 
member for compressing the first and second per- 40 
manent magnets in the radial and 

said rotating member is provided with a 
wedge ring for further compressing said annular 
permanent magnets and said yoke member in the 
radial and circumferential directions. 45 



36. The method of Claim 35, wherein the wedge ring is 
formed by directly connecting a guiding wedge ring 
and an inserting wedge ring which is larger than 
said guiding wedge ring, after forcing in said guiding so 
wedge ring, said guiding wedge ring is pushed out 
by said inserting wedge ring which forces to insert 
said inserting wedge ring between said magnet sec- 
tion and said reinforcing member. 
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